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ABSTRACT 
This research is concerned with the characterisation and properties of natural 
rubber (NR), styrene-butadiene rubber (SBR) and acrylonitrile-butadiene rubber 
(NBR) nanocomposites. The fillers used were unmodified sodium 
montmorillonite clay, three organically-modified clays with different types and 
concentrations of modifiers, and, for comparison, a carbon black. The clays were 
characterized by Fourier-transform infrared spectroscopy (FTIR), 
thermogravimetric analysis (TGA) and x-ray diffraction (XRD). The composites 
were prepared via melt compounding and sulphur curing in an internal mixer. 
Better dispersion was found for the organoclays rather than for the unmodified 
clay as was seen by scanning electron microscopy (SEM). Intercalation and some 
exfoliation of certain organoclays in rubbers were achieved as revealed by XRD 
and transmission electron microscopy (TEM). The most polar rubber proved more 
effective in nanocomposite formation. The incorporation of organoclays affected 
torque and curing time as measured using a Monsanto rheometer. The organoclays 
can accelerate the vulcanization process, but the effect was reduced with 
increasing clay loading. The crosslink density decreased with increasing 
organoclay content. The static and dynamic mechanical properties of the rubber-
layered silicate composites such as tensile properties, modulus, tear strength, 
fatigue life and dynamic visco-elastic properties are discussed. There was a 
significant improvement in modulus, tensile strength and elongation at break as 
compared to the composites prepared with the untreated clay. Dynamic 
mechanical analysis shows an increase in the storage and loss modulus for the 
nanocomposites. Overall, the content of clay and the type of modifier both affect 
the curing and mechanical properties. Rubber-organoclay nanocomposites show a 
good reinforcing effect which is comparable to that achieved with carbon black. In 
particular, the tear and fatigue properties of the organoclay-rubber 
nanocomposites exceeded those of the rubbers reinforced with carbon black. 
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1. INTRODUCTION 
1.1 Motivation and approach of research 
During the past decades, the rubber industry has been using mainly carbon 
black and silica as reinforcing fillers. In the tyre industry, carbon black is capable 
of meeting a wide range of requirements and silica has some benefits for 
increasing abrasion resistance, wet retraction and lower roIling resistance I, 2. 
However, carbon black, produced by using oil and natural gas 3, suffers from the 
price going up and causes some problems with the environment. Silica requires a 
coupling agent, such as a modified silane, to provide good properties, but the 
silane is expensive. 
Clay is a natural product and has been used for many years to reduce the 
cost of products or as a semi-reinforcing filler. In recent years, the development of . 
nanocomposites is well established and there is a growing interest around the 
world. Market research studies predict that the use of nanocomposite-derived 
products in the U.S. is growing from 1,000 tonnes in 1999 to 51,500 tonnes by 
2009 4• Clay is one ofthe main sources ofnano-filIIers. 
Research on rubber cIay-nanocomposites is at an early stage, and only a 
few products have entered the market. This study is expected to provide some of 
the fundamental information required for the production and development of 
rubber-based nanocomposites. 
1.2 Structure and unfilled properties of rubbers 
Rubbers have a unique property which is their elastic extensibility. Their 
molecules can change their orientations when subject to a stretching force and 
show fast retraction when the force is removed 5. There is sufficient energy at 
room temperature to enable one segment to rotate relative to its neighbour. The 
chains would tend to straighten out when two ends of the molecule were stretched 
in opposite directions. If the ends were released, the bonds would start to rotate 
respect to each other and the molecule would coil up in a random fashion. Long, 
1 
flexible chain-like molecules, without ring structures in their backbone, are 
required for the rubber- like properties. A mechanical model of such chain 
molecules is shown in Figure 1.1 6. 
1 1 
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Figure 1.1: A mechanical model of flexible chain molecules and non-flexible 
ring structures 6 
1.2.1 Natural rubber (NR) 
Natural rubber is polyisoprene which consists of the isoprene unit CsHs 
with cis-l, 4-configurations at about the 94 % level 7. Many plants can produce 
high molecular weight cis-l, 4-polyisoprene. Examples are Heavea brasiliensis, 
Parthenium argentatum, Taraxacum kok-saghyz, Solidago altissima, Coma utilis 
and Dyera retusa. However, only Hevea brasiliensis has been produced 
2 
commercially and named natural rubber 8. About 6% of NR contains non-rubber 
components such as proteins, lipids and sugars 9. The molecular structure is 
shown in Figure 1.2. 
Figure 1.2 " Molecular structure of eis-I, 4-polyisoprene 
Natural rubber also contains a small proportion of C=O, C-OH or COOH 
groups. These groups can show interaction and form gel. It also has enough 
molecular regularity for close chain alignment, and, thus, can crystallize. Un-
stretched and uncured natural rubber can crystallize at temperatures between 
-50°C to 20°C. The maximum rate of crystallization is about at -25°C 10. When 
natural rubber is stretched, the molecules orient in the direction of stretching, align 
themselves and crystallize ll. Many reports stated that natural rubber starts strain-
induced crystallization at 200%, but some stated that it started at around 400% 
strain at 25°C and around 350% at -30C 12. 
Raw natural rubber has a specific gravity of about 0.934 at 20°C. It is non-
polar and has little resistance to swelling in non-polar solvents. It has high tensile 
strength. However, fillers are required to achieve the other necessary properties 
such as abrasion and tear resistance 3. 
1.2.2 Styrene-butadiene rubber (SBR) 
SBR is a synthetic rubber. It was first produced in 1929 by Tchunkur and 
Bock 3. It can be considered a general purpose rubber because it can be used in 
many applications. SBR is a copolymer of butadiene and styrene. The molecular 
structure is shown in Figure 1.3. 
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Figure 1.3: Molecular structure ofSBR 
The styrene increases the hardness of the SBR 13.14. Styrene content varies 
from about 23 to 40 wt %. Styrene repeat units structure will reduce the overall 
shrinkage or increase the chain separation and prevent the molecules for showing 
crystallization. The styrene repeat units also hinder the rotation about the polymer 
backbone. Increase in the styrene repeat units content in SBR results in an 
increase of the tensile strength, tear strength and fatigue life 15. Curing SBR 
requires less sulphur, but higher amounts of accelerator than curing NR 3. The 
lack of self-reinforcing properties shown by NR, means SBR has to use fillers. 
1.2.3 Acrylonitrile-butadiene rubber (NBR) 
Nitrile rubber is mainly used for oil-resistant purposes for sealing 
applications. The first NBR was produced by Konrad and Tschunkur in 1930 
when they copolymerized acrylonitrile and butadiene 3. The molecular structure is 
shown in Figure lA. 
-f-CH2-CH=CH-CH2'*CHz-CH-r-
x I Y 
eN 
Figure 1.4 : Molecular structure of NBR 
The acrylonitrile repeat units in NBR are very polar and can develop 
strong interactions due to the large dipole moment of asyrnrnetry of the triple-
bonded nitrogen and the nitrogen lone-pair electron effect 16. In the market, the 
acrylonitrile content varies from 18 to 51 wt %. As the acrylonitrile content 
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increases, the elastic behaviour decreases and a higher glass transition results 3. 
NBR rubbers are less penneable to gases than NR and SBR and the penneation 
decreases as the acrylonitrile content increases. 
NBR shows higher plasticity than natural rubber, so it develops more heat 
when mixed under similar conditions 17. Solubility of sulphur in NBR is lower 
than NR 17. NBR also needs fillers to reinforce the mechanical properties. 
1.2.4 Curing of rubber 
Uncrosslinked elastomers are entangled high molecular weight viscoelastic 
liquids. They are weak and dissolve completely in good solvents. Chemical 
crosslinking increases stiffness, strength and elasticity 18. The selection of a curing 
system is very important to control the vulcanization process. Rubber compounds 
should not be cured too fast and should have enough time to allow for shaping in 
the mould 19. 
There are several alternative cure systems that can be used to vulcanize 
elastomers. 
1. Conventional systems use high sulphur to accelerator ratios which result 
in a high amount of polysulphidic crosslinks. 
2. Semi-efficient vulcanization (semi-EV) systems use intennediate 
sulphur to accelerator ratios. The amounts of monosulphidic and polysulphidic 
crosslinks are not much different. 
3. Efficient vulcanization (EV) systems use low sulphur and high 
accelerator ratios. Most of the crosslinking in these systems is the mono sulphide 
structure. It has superior heat age resistance, but poorer fatigue life. 
4. Peroxide vulcanization systems use peroxides to fonn carbon-carbon 
crosslinks. It has very good thennal stability, but poor physical properties and 
fatigue life. 
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The order of reactivity of the three types of hydrogen atom is a>b>c as 
shown in Figure 1.5 13 and the bond dissociation energies show in Figure 1.6 13. 
Figure 1.7 shows the sulphur crosslinking of natural rubber. 
(c) 
(b) CH3 ! (a) 
'VV'V"H2C-C=CH-CH2VVV 
Figure 1.5,' The order hydrogen atom reactivity in NR 13 
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Figure 1.6 " Bond dissociation energies 13 
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Figure 1.7 " Sulphur crosslinking of natural rubber 
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The vulcanizing agents for sulphur curing are as follows. 
I. Activators are zinc oxide and stearic acid. Zinc oxide was originally 
used as an extender, but later it was found that it has a reinforcing effect and can 
reduce vulcanization time 6. Stearic acid is an aliphatic carboxylic acid as shown 
in Figure 1.8. 
o 
~ ~ ~ ~ ~ ~ ~ ~ 11 
/c,/c,,/c,,/c,,/c,,/c,,/c,/c,/c, 
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Figure 1.8 " Molecular structure of stearic acid 
The polar carboxyl groups can react with Zn to make a salt complex which 
is soluble in rubber. These complexes have zinc in the centre and hydrophobic 
components on the outside 6. 
2. Crosslinkers are sulphur or sulphur donors. Sulphur is the most used 
cross-linking agent, although rubber can be crosslinked with peroxides, or by 
radiation. It reacts to form linkages between the rubber chains, and improves 
properties such as dimensional stability, heat stability and mechanical properties. 
The sulphur should have a Iow ash content and Iow acidity. If the amount of 
sulphur is too high, this may cause blooming to the surface. 
3. There are many accelerators, belonging to several chemical classes, 
available on the market. Some of them contain sulphur in their structure and are 
called sulphur donors. Accelerators are very important in the vulcanization 
process. They do not only reduce the curing time dramatically, but also can 
improve some properties such as heat resistance, reversion resistance, and 
compression set. An accelerator is composed of one or two sulphur atoms 
connected to organic end groups. Common accelerators used in sulphur 
vulcanization can be classified in four groups 3.20. 
- Benzothiazoles such as· 2-mercaptobenzothiazole (MBT) and 
dibenzothiazyl disulphide (MBTS) 
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- Benzothiazole sulphenamides such as N-cycIohexyl-2-benzothiazole 
(CBS) and 2-benzothiazyl-N-sulphenemorphoIide (MBS) 
- Thiurams such as tetramethylthiuram monosulphide (TMTM) and 
tetramethyIthiuram disulphide (TMTD) 
- Dithiocarbamates such as zinc dimethyldithiocarbamate (ZDMC) and 
zinc diethyldithiocarbamate (ZDEC) 
Although they are different chemical structures, the essential features are 
quite similar. The accelerator reacts with the activator and forms an active 
accelerator complex. Figure 1.9 shows typical zinc complexes with the sulphur in 
the accelerator polysulphide. L are ligands such as amines and carboxylated ions. 
Figure 1.9 : Zinc complexes 20 
This complex will react with sulphur to form a distribution of sulphurating 
species. These species then react with an unsaturated site, or allyIic carbon, to 
form crossIink: precursors which are accelerator-terminated polysulphidic pendant 
groups attached to the rubber chain. These precursors continue to react with the 
other unsaturated sites and form crossIinks. Sulphur alone need much more time 
than this sulphurating species to form crossIinks 20. 
4. Anti-oxidants, age resistors and anti-degradants are important to rubber 
compounding. Aging by oxygen and ozone is accelerated by heat and deteriorates 
the rubber, reducing the elasticity. There are many anti-oxidants. Most of them are 
aromatic amines. When used, it is necessary to be careful about the colour and 
volatility of the compound 3,21. 
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The amount of filler, or curing agent, in a rubber compound is usually 
shown in parts per hundred of rubber (phr). Different types of rubber and curing 
agent have their own limits in mixing with rubber before blooming occurs on the 
compound surface. The maximum solubilities of some curing agents are shown in 
Table 1.1. 
Table 1.1 : Maximum solubility of some curing agent in NR, SBR, BR 22 
Curing agent Maximum solubility (phr) 
Sulphur 1.5 
MBT 3.0 
CBS 2.5 
TMTM 0.7 
Stearic acid 2.0 
NR and SBR can dissolve sulphur up to 1.2 phr at 25°C, but 8 phr at 
93°C 22. Excess sulphur will cause yellow sparkle under sunlight, while zinc 
sterate will cause white patches on the surface. 
1.2.5 Processing of rubbers 
1. Mastication is required to break down the molecular weight of NR and 
make it easier for the ingredients to be mixed with the rubber. The high shear rate 
can be obtained using mills at low temperature or it can be done in an internal 
mixer. It is normal to keep mastication as short as possible for economic 
reasons 3. 23. 
2. There are two important mixing methods: mixing on a mill and mixing 
in an internal mixer. Normally, the rubber is added first followed by fillers, metal 
oxide and stearic acid. Sulphur and accelerator will be added in the final step to 
prevent early vulcanization occurring, especially at high mixing temperatures 3,23. 
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3. Vulcanization of a rubber compound can be achieved with many 
processes. For example, hot air, steam, hot water, a hot press, transfer moulding, 
injection moulding, roto-curing, m'olten salt bath and high frequency radiation. If 
curing is done at lower temperatures, better mechanical properties will be 
obtained. The curing time should be strictly controlled 3.23. 
1.3 Rubber composites 
Reinforcing fillers are very important for elastomers which do not show 
strain crystallization like natural rubber or chloroprene rubber. These fillers can 
improve tensile properties, stiffness, abrasion, and tear resistance. There is a range 
of reinforcement from very high to very low depending on size, shape and surface 
chemistry. The examples of less reinforcing fillers are kaolin, calcium carbonate, 
barium sulphate, zinc oxide, and magnesium carbonate. These fillers can be used 
for the propose of easy processibility, higher density, change of colour, and to 
reduce cost 3,24. 
1.3.1 Reinforcement of rubbers 
Reinforcement has been defined as the improvement in the service life of a 
rubber such as increased stiffness, modulus, tear strength, tensile strength, fatigue 
resistance, cracking resistance and abrasion resistance 25, 26. Several reviews of 
reinforcement mechanisms have been published, but there is still no general 
theory to explain filler reinforcement 2. 25. The effects of filler on the mechanical 
and other properties of the composites depend on particle shape and size, 
aggregate size, the fraction of filler, the degree of dispersion, and surface 
characteristics 27. Fillers are composed of primary particles ranging from 
nanometres to microns, which are normally bonded together and form an 
aggregated structure 28. 
The addition of fillers to rubber compounds involves many effects as 
shown in Figure 1.1 0 29• 
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Figure 1.10 : Contribution of different effects to the modulus 29 
The rubber composites improve reinforcement due to these factors. 
1. Effects from the polymer network which depend on the crosslink 
density and the nature of the rubber. Crystallization in NR can dissipate energy by 
the melting of crystallites and provides domains that will block a growing crack 15. 
This will show as a stick-slip mechanism in which the crack begins to grow, but 
stops after a small distance and then propagates again 30. In non-crystallize 
rubbers such as SBR and NBR, the crack grows at a steady rate and propagates 
faster when the applied strain is higher. Figure 1.11 shows the effect of rubber 
crystallization to the reinforcement. 
.) t (J (J 
Figure 1.11 : Failure of non-crystalline and crystalline rubber 31 
2. Hydrodynamic effects result from the fact that the filler is rigid and 
cannot defonn when stresses are applied to the composites. The hydrodynamic 
effect can be called a geometric effect and depends greatly on particle size 26. For 
an inactive filler-rubber system, there is only hydrodynamic reinforcement. This 
can be observed by an increase of viscosity and modulus 32. Viscosity depends on 
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the volume fractions with no substantial difference shown by the various kinds of 
fillers 33. 
In general, a small domain size is required for the reinforcement and the 
effect can be roughly estimated as shown in Figure 1.12 34• 35• 
Particle 
Size (nm) 
grinded CaC03 
mica. talc 
~ClayS 
precipitated CaC03 f Ti02.ZnO 
SI Aluminates 
Ca Silicates 
hydrated Silica 
anhydrous Silica 
Carbon blacks 
Figure 1.12 .' Classification ofjillers by average particle size 35 
- Degradants are the filler with particle sizes greater than 10 /lm. They can 
reduce mechanical properties. 
- Diluents are the filler with particle sizes between 1-10 /lm. They usually 
do not have significant effect. 
- Semi-reinforcing fillers are the filler with particle sizes between 0.1-1 
/lm. They improve some mechanical properties. 
- Reinforcing fillers are the filler with particle sizes less than 0.1 /lm. They 
significantly improve the mechanical properties. 
Failures in rubbers start with a crack. Crack formation, developed due to 
stress, propagates in the rubber. The rate of crack enlargement depends on the 
dissipation of stored elastic energy, and the development of instability 36. The in-
homogeneities (flaws) in the order of microns, or greater, are the most 
damaging 37. All rubber compounds inevitably contain some flaws of various 
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shapes and sizes. When the stress is applied to these rubber compounds, the local 
stresses on these flaws are intensified and fracture begins 38. Fillers raise the 
strength, not only through hysteresis or internal viscosity, but also by forming 
special tear resistant structures at the tip of the tear. 
The large particles provide stiffening, and act as stress concentrators. The 
mobility of the rubber of the rubber phase is like the unfilled rubber because only 
a very small fraction of rubber is located around filler particles. Large particle 
sized systems also have widely spaced particles. When a crack happens, it will 
grow easily around a particle. However, a composite with high enough volume 
fraction (~ 25%) can have strength similar, or better than the unfilled rubber. This 
is because the crack paths around the filler particles are longer 18. 
In a small-sized filler system, the rubbers exhibit more energy dissipation. 
When the crack propagates, it will quickly encounter a rigid filler particle, and 
forward cracking could be stopped or a crack may split. Unfilled rubber has lower 
internal friction and high chain mobility, or small dissipative capacity, while 
restricted motion at the rubber-filler interfaces results in large internal friction or 
high energy dissipation 38. Furthermore, the small particle filler also reduces the 
matrix mobility because a large fraction of the rubber molecules are near to filler 
surfaces. Rubber molecules near filler particles have lower mobility than in the 
matrix 39. This can hinder crack initiation and crack growth 18. The term "effective 
volume fraction" is volume fraction of filler plus volume fraction of the rubber 
near to filler particles which can resist deformation and show less temperature and 
strain dependence 40. The size of effective volume fraction depends on rubber-
filler interaction and surface area of the filler. 
3. Rubber-filler interactions are described by the compatibility of the filler 
with the rubber 28,41. Better interfacial bonding will provide better properties such 
as modulus, tensile strength, tear strength, fatigue life, cracking, and heat 
resistance 42.The rubber-filler interaction plays an important role in reinforcement 
due to the effect on energy dissipation or hysteresis. Reinforcement comes from 
the slippage of adsorbed chains over filler particles, or unabsorbed chains which 
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are entangled with adsorbed chains 18. The interaction should be enough to cause 
friction between the chain and the filler IS. In the case when the absorbed chains 
are very strongly chemisorbed, such as when a silane coupling agent is used, the 
adsorbed chain will not contribute much to hysteresis, but unabsorbed chains are 
still expected to show internal friction. Too strong interactions can reduce the 
tensile strength and elongation IS, 44. Breakdown will occur in the rubber matrix 
near the particles if the rubber-filler bonds are stronger than the rubber-rubber 
bonds 26. High resistance to fracture from hysteresis should occur at large strains. 
At low strains, high hysteresis is undesirable because of increased running 
temperature and power consumption in dynamic applications 18,38. 
4. Filler-filler interactions depend on the nature of filler and the amplitude 
of the deformation. The interactions in filler network formation come from 
dispersion, induced dipole-dipole, dipole-dipole, hydrogen bonding and acid base 
interactions 40. The higher surface area reduces the inter-aggregate distance 
resulting in an enhanced filler network. At high filler loadings, fillers can 
aggregate and form secondary structures or filler networks as shown in Figure 
1.13 45,46. 
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Figure 1.13 : Primary and secondary structure of graphite and silica 45 
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The surface energy (Ys) of fillers can be described by the following 
equation 47, 
YS=ysd+ y: p 
d d' , Ys = IsperSlve component 
y:P = specific or polar component 
A high filler-filler interaction will have a high y:P, but a high rubber-filler 
interaction will have a high ysd, These surface energy components can be 
measured by inverse gas chromatography I, 47, The elastomer can be classified 
with regard to their polarity as follows 47: 
NBR>SBR>NR 
The interaction between functional groups in rubbers with fillers increases 
from double bonds, phenyl rings, and nitrile groups, respectively 47, Silica can 
form hydrogen bond bridges and have a very strong tendency for filler-filler 
interactions, However, carbon black has a higher dispersive component and can 
form stronger adsorptive bonds with non-polar or low polarity rubber I, 
Rubber molecules could be trapped in this filler network and so increase 
the effective filler volume fraction, The breakdown of the filler network, which 
happens at high strain amplitudes will release trapped rubber and, hence, reduce 
the effective volume and decrease the modulus 40, A less developed filler network 
and a strong polymer-filler interaction will cause higher modulus at 300% 
elongation than that at 100% elongation 39, Breakdown of secondary aggregate 
networks can improve dispersion, stabiIization, resilience properties (increase 
rebound), and dynamic properties (reduce heat build up) 6, 
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1.3.2 Properties of filler loaded rubbers 
Tensile and tear properties 
In tensile tests, failure starts at a flaw and propagates, The flaws grow and 
a higher stress is placed on the remaining cross section until the test piece breaks 
37, The increase in modulus at low strain and low volume fraction is caused by a 
hydrodynamic effect. After that, the modulus is controlled by rubber-filler and 
filler-filler interactions, Later, when the strain is higher than a critical value, the 
increase in modulus comes from the rubber network itself 28, Tensile rupture is 
actually a special case of tearing because the mechanism of failure is similar 24, 
The tear behaviour of a rubber can be described in terms of the tearing energy, 
The strain energy density concentrated at the crack tip in the tear test is much 
higher than the strain energy density in a tensile test at the point of rupture 48. For 
trouser-tear testing, the specimen is a thin rectangular sheet with a central cut. The 
tearing energy is calculated by the following equation 49, 
Figure 1.14 " Trouser-tear test 50 
T = (2A.F/t ) - 2bw 
F = the force on each leg 
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A. = the extension ratio in the leg and is equal to the 
deformed length over the un-deformed length 
t = the sample thickness 
b = the width of legs 
w = the strain energy density in the legs 
The threshold tearing energy is the energy that is put into an elastically 
effective network chain. It will raise the energy content of bonds in the rubber to 
their dissociation energy and tearing occurs. However, as the rubber is not 
perfectly elastic, some input energy will be lost 26. 
The tearing behaviour of a trouser tear specimen can be classified into four 
types as shown in Figure 1.15 26• 
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Figure 1.15: Tearing behaviour in a trouser tear test 26 
1. Steady tear showing macroscopic surface roughness. 
2. Stick-slip tear showing a small deviation of force. 
3. Knotty tear showing a large deviation offorce. 
4. Smooth tear does not show any deviation. 
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In stick-slip and knotty tear, the tear propagates, but the rate of tear 
decreases and the force builds-up until the new tear is initiated by the force which 
depends on the unstrained diameter of the tip of the tear. The tip of the crack of a 
strain-crystallized rubber has a round form and becomes flat during deformation 
due to crystallization 31. This bigger diameter tip arising from crystallization needs 
more energy to tear. 
Fatigue properties 
A rubber rarely fails in single loading in normal practice. Most failures 
occur under dynamic service conditions due to crack development and growth. 
There are many dynamic applications for rubbers such as motor mounts, springs, 
and tyres. The fatigue mechanism involves fluctuating load as shown in Figure 
1.16 51 • 
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Figure 1.16 : Fluctuating load in a fatigue test 51 
P a = alternating load 
Pm = mean load 
Pmin = minimum load 
Pm .. = maximum load 
R = Pmin / P max 
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The mechanical load can be illustrated in the equations below. 
pet) = Pa sine cut) + P,,, 
O P() = P 1+ sin(wt) p. I-sin(wt) r, t mox 2 + mm 2 
Or, pet) = Pm" [1 + sin(wt) + R(l- sin(wt»] 
2 
Fatigue involves crack nucleation and growth. There is a mechanical 
threshold below which cracks, or flaws, do not grow and the infinite service can 
happen 51. For loads above this critical value, cracks can grow and the fracture can 
break the component. 
Fatigue is considered to be a mechano-chemistry process, unlike tensile 
testing, which is rapid and purely mechanical. Mechanical, chemical, and thermal 
effects can cause the fatigue damage. Fatigue involves cycling for long times. 
Factors involved in fatigue of rubber are inhomogenities, the strain cycle, the 
atmosphere, and compounding 52. Oxidation can have some effect on chain 
scission and crosslinking, while ozone can cause chain scission only 38. 
Antioxidants and antiozonants can reduce the chemical attack. Increasing 
temperature will increase the crack growth rate 51. The growth rate of the crack is 
also lower in nitrogen and water than in oxygen 53. Polysulphidic crosslinks are 
able to break and reform in the strained state. This will decrease the stress 
concentration and the chains will bear load again 38,51.54. Flaws in a sample can be 
a scratch, a crosslinked gel particle, or an aggregate of undispersed filler 34. 
Although fillers improved cut growth resistance, they also increase the flaw size 
and can reduce fatigue life. Smaller particle size fillers have less effect on fatigue 
life than big particles. Furthermore, ozone can attack the original surface, or the 
new surface being generated by a flaw. Both minimum and maximum strain have 
effects on the fatigue life 52. Tension - compression mode ofloading shows lower 
fatigue life than the tension-tension mode in strain-crystallized rubbers 53. For 
constant strain amplitude, increasing minimum strain up to about 200% will 
improve fatigue life in strain crystallized rubbers S0. For non-strain crystallized 
rubbers, increasing strain will make the rubber more susceptible to chemical 
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attack, and also cause the rubber molecules in some areas to approach the ultimate 
elongation of those chains 52. The longest fatigue life occurs at the optimum 
crosslink density. An increase in the number of crosslinks will increase stiffuess 
and decrease the ability to dissipate energy through hysteresis 51. 
Dynamic mechanical properties 
Dynamic testing can be used to measure the reinforcement of a rubber. 
The dynamic stress-strain behaviour are expressed by a storage modulus (E') and a 
loss modulus (E"). The stress (a) and strain (e) relations are shown by Figure 1.17 
and in the following equations. 
L 
I 
0' = O'm sin(mt + 8) 
e = em sinmt 
am = maximum stress 
em = maximum strain 
0) = angular frequency (rad/s) 
t = time (s) 
o = phase angle 
I " If --~~------~~------~~--------~~------~)t 
o 
-H...., 
Figure 1.17,' The dynamic stress and strain/or a visco-elastic material 43 
The storage modulus (E') is related to the elasticity of the rubber 
compound and indicates the work recovered after deformation. It is in-phase with 
the strain. 
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a E' = ....!!!- cos 0 
em 
The loss modulus (E") is related to the viscous behavior of the rubber 
compound and indicates the energy conversion to heat during deformation. It is 
90' out-of-phase with the strain. 
E"= am sino 
8 111 
The tangent delta (tan 8) is the ratio of energy lost to energy stored during 
the deformation and also indicates the extent of hysteresis. 
E" tano=-E' 
1.3.3 Reinforcement by carbon black and silica 
There are many types of filler in rubber compounds as shown in Table 1.2. 
However, the most used fillers in general reinforcement are carbon blacks and 
silica. 
Table 1.2 : Some fillers used in rubber compounds 55 
Type Commercial name Application 
Carbon blacks ASTM-standard General, black 
Silica Vulkasil (S, N) Active white filler 
Aerosil High-active bright filler 
Calcium silicate SiIIitin N8 Semi-active bright filler 
Aluminium silicate Kaoline, soft Semi-active bright filler 
Kaoline, hard Non-active bright filler 
Talcum powder Micron Vapor Slipping effect, diffusion, 
extender 
Calcium carbonate Chalk Extender 
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Table 1.2 : Some fillers used in rubber compounds (cont.) 
Type Commercial name Application 
Barium sulphate Baryte Extender, sound 
insulation 
Lead oxide Litharge Sound insulation, 
radiation absorption 
Metals such as lead, Special properties 
aluminium and iron 
Wood dust I wood fibres Santoweb Anisotropic goods 
Short cut fibres Anisotropic goods 
Carbon black 
Carbon black was initially used as a colouring agent by the ancients, but 
the reinforcing effect was discovered by Mole in '1904 1. It is the most used filler 
in rubber today at about 5 million metric tons each year compared to the 250,000 
metric tons for silica 56. It consists of disordered spherical particles which form 
aggregates in the 50-100 nm range. At high concentration, it forms filler clusters 
and filler networks 2. It has a strong filler-rubber interaction because of a high 
dispersive component. There are functional groups such as carboxyls and 
carboxylic acids on surface 28. Rubber free radicals can occur during mastication, 
thermal and oxidative aging. They can react with the surface groups of carbon 
black 37. Carbon black shows physical interactions strong with polyisoprene, 
polybudiene, or styrene butadiene rubber, but weak physical interactions with 
butyl rubber which needs interfacial chemical bonding 25. Rubber grade carbon 
black contains chemically combined hydrogen 0.2-1 percent, oxygen 0.1-4 percent 
and sulphur 0-1 percent 37. Figure 1.18 shows the surface of a carbon black. 
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Figure 1.18 : The fimctional group on the surface of carbon black 28 
Rubber-grade carbon blacks are classified by a four-character 
nomenclature system such as Nxyz• First letter could be N or S. N means normal 
curing or that carbon black does not interfere with vulcanization. S means slow 
curing. First digit x refers to the average particle size. The smaller the number, the 
smaller the particle size is. Table 1.3 shows carbon black classification of x 
value 57. The last two digits, y and z, are arbitrarily assigned by ASTM, and do not 
have any descriptive meaning. Low structure carbon black provides higher 
elongations, more rapid crystallization and higher tensile strength for strain 
crystallizing rubbers, but the effect is small for non-crystallizing rubbers 15.37. 
Table 1.3 : Carbon black classification 57 
x Average particle size (nm) N2 average specific area (m"/g) 
0 1-10 > 150 
1 11-19 121-150 
2 20-25 100-120 
3 26-30 70-99 
4 31-39 50-69 
5 40-49 40-49 
6 49-60 33-39 
7 61-100 21-32 
8 101-200 11-20 
9 201-300 0-10 
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Silica 
Silica provides high strength, increased stiffness, and decreased 
resilience 58, 59. Silica-filled rubbers in tyres improve rolling resistance, while 
maintaining the wear and wet skid resistance of a black-filled rubber 38. When 
compared with similar surface area and structure, silica has a higher viscosity 
during mixing, a higher dynamic modulus, and a higher modulus at low 
extensions, while carbon black has a higher modulus at high extension 28. It is less 
reinforcing than carbon black compounds at equal particle size. It contains free 
water which can be removed at 10S-2S0'C and bound water from the 
condensation of silanol groups which can be removed at 900-1000'C 37. This 
water will make the wetting and dispersion in rubber more difficult. Silica is 
highly polar and has good interaction with polar polymers, but poor interactions 
with non-polar rubber such as styrene butadiene rubber (SBR) 28. The surface of 
silica has silanol (Si-OH) and silane (Si-OR) groups as shown in Figure 1.19. 
Hydroxyl groups (OH) on the surface have a retarding effect on vulcanization 
rates. Glycerine, or glycols, can be used to block the hydroxyl groups by hydrogen 
bonding 25. It has a weaker filler-rubber interaction and a stronger filler-filler 
interaction when compared to carbon black because it has a low dispersive 
component and a high specific component of the surface energy 28, 60. 
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Figure 1.19 : The surface of a silica particle 28 
Surface treatment is required to obtain high reinforcement 56. Coupling 
agents such as organo-silanes which can graft onto the silica surface improves the 
dispersion (wetting) and the interaction between rubber and silica (reinforcement). 
However, such silanes are expensive. 
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Silica also increases the wear of the mixing equipment because it is more 
abrasive than carbon black 56. 
By adding 10 phr of different fillers in SBR, the reinforcing effect in terms 
of hardness increas'e can be compared in Table 1.4. 
Table 1.4 : Reinforcing effect of different fillers in SBR 55 
Filler Reinforcing effect 
Carbon black N990 I 
N770 3 
N660 4 
N550 5 
N330 6 
N220 7 
NllO 8 
High conductive black 10 
Silica, VulkasilSlUltrasil, VN3 5 
Aerosil 7 
Calcium silicate, Sillitin N8 3 
Metal oxides, kaolin 1-3 
Carbonates, chalk 1-2 
1.3.4 Crosslink density by swelling measurement 
Filled rubber systems exhibit decreased swelling. This results from the 
additional rubber-rubber crosslinks caused by the filler, and the adhesion of rubber 
to filler surfaces 61. Crosslink density is measured as the numbers of moles of 
crosslinks unit per volume unit of the crosslinked rubber 6. The crosslink density 
has a relationship with many reinforcement properties as shown in Figure 1.20. 
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Figure 1.20 : Relationship between properties and crosslink density 6 
Increasing crosslink density increases hardness and modulus while tensile 
strength, tear strength and fatigue-life pass through a maximum and then decrease. 
1.4 Clay 
Clay is not expensive and has no health risks 62. Commercial clay such as 
kaolin has been used as a filler for rubber for many years, but the reinforcement is 
poor due to the large particle size and Iow level of interaction with rubber 63. Clay 
in the rubber industry can be classified as hard or soft clay, which is related to the 
particle size and stiffening effect it has in the rubber. Hard clay has a smaller 
particle size (250-500 nm) than soft clay (1000-2000 nm). Hard clay also provides 
better mechanical properties and can be grouped as a semi-reinforcing filler 35. 
Clay contains fewer silanol groups than silica. So, silane coupling agents are less 
reactive towards clay 25. 
Montmorillonite clays (MMn are commonly formed by the in situ 
alteration of volcanic ash. A less common origin is the hydrothermal alteration of 
volcanic rocks 64. It is relatively common throughout the world. The commercial 
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clays referred to bentonite clays generally contain montmorillonite in excess of 
50% 65. Natural resources of montmorillonite clay are found in North America, 
Australia, Africa, and Asia. There are two major types of montmorillonite. 
Sodium types are volcanic in origin. Calcium types are from deposits that 
precipitated from the oceans 66. Modified montmorillonite was first introduced in 
1949. After that, the application of this clay has been' growing in many industries 
such as oil well drilling fluids, paints, grease, cosmetics, and waste water 
treatment 67,68. However, this clay has hardly been used as a filler in rubbers. 
1.4.1 Structural principles 
Clay minerals belong to the phyllosilicates. The building elements of clays 
are arrays of silicon-oxygen tetrahedra and arrays of aluminium or magnesium-
oxygen-hydroxyl octahedra 64. These sheets of tetrahedra and octahedra are 
superimposed in different ways. The analogous symmetry and the dimensions in 
the tetrahedral and the octahedral sheets allow the sharing of oxygen atoms 
between sheets. In 1: 1 layer minerals, there is sharing of atoms between one silica 
sheet and one alumina or magnesia sheet. In 2: I layer minerals, one alumina or 
magnesia sheet shares oxygen atoms with two silica sheets. The combination of 
these sheets is called a layer. Most clay minerals consist of these layers. They tend 
to be stacked parallel to each other. 
Montmorillonite is a clay mineral in the 2: 1 group. In the tetrahedral sheet, 
silicon atoms, which are tetravalent, are replaced by trivalent aluminum. In the 
octahedral sheet, trivalent aluminum may be replaced by divalent magnesium 
ions 69-71. The layer charge derived from the substitution of silicon by aluminum in 
tetrahedral contributes less than 5% 72. These replacements are called 
isomorphous substitutions 73. This substitution is the result of an excess of 
negative charge. Substitutions result in an ability to swell, or even delaminate, 
when mixed with water 74. These negative layer charges are compensated by the 
adsorption on the layer surfaces of cations such as sodium, potassium or calcium 
which are too large to move in to the crystal 73. These cations can be easily 
exchanged by the other ions in a water solution. They are called exchangeable 
cations. The total amount of these cations, expressed in milliequivalents per 100 g 
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of dry clay, is called the cation exchange capacity (CEC) 75. Figure 1.21 shows the 
structure ofmontmorillonite clay. 
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Figure 1.21 " Structure of a montmorillonite clay 76 
The thickness of the silicate layer is about 1 nm (0.94 nm) 77-79. The width 
and length of the layers vary from 30 nm to several microns 80. The clay particles 
are bundles of these sheets held together by weak van der Waals interactions 81. 
However, the binding effect of inter-gallery water and cations results in the 
difficulty of clay delamination 74. For example, an 8 J.lID clay particle has 
approximately 3000 sheets. The specific surface area is about 755 to 
800 m2/g 75,82. The BET surface area is 40 to 84 m2/g 82,83. The clay modulus is 
about 50.3 GPa 84. Elastic moduli for bulk are between 6-12 GPa 85. The edges of 
the montmorillonite crystals contain hydroxyl groups such as AlOH, whereas the 
face contains tetrahedrally-coordinated silica 86, 87. In its natural state, 
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montmorillonite contains water around 8-10% 65. The strongly hydrophilic nature 
arises mainly from the exchangeable cations, and the water bound to these 
cations 88. 
When montrnorillonite clays are in contact with water, the water molecules 
penetrate between the layers. This was called interlayer swelling, which increases 
the basal spacing to definite ·values in the order of 1.25 - 2.00 nm and can be 
observed by X-ray diffraction (001 peak). Table 1.5 shows x-ray diffraction data 
for Na-montmorillonite. 
Table 1.5 : X-ray diffraction data ofNa montrnorillonite 89 
29 d(nm) Interpretation Characteristic 
6.85 1.290 001 Broad and very strong 
13.52 0.655 002 Broad and very weak 
19.68 0.451 110,020 Strong 
20.56 0.432 003 Very weak 
27.44 0.325 004 Weak 
34.77 0.258 130,200 Broad and weak 
40.17 0.225 220,040 Very weak 
48.53 0.188 007 Very weak 
53.93 0.170 240,310,150 Weak 
61.72 0.150 330,060 Medium 
73.20 0.129 260,400 Broad and very weak 
76.08 0.125 350,170,420 Very weak 
1.4.2 Interphase modification by ion-exchange 
Montmorillonite clay can adsorb organic compounds of a polar or ionic 
character between its layers. This leads to organo-complexes of montmorillonites. 
Organic cations are adsorbed on the negative faces of the clay. Evidence for this 
comes from the increase of the basal spacing (001) of clays after treatment and 
from the much larger adsorption capacity of the clay for these cations. The 
montmorillonite-alkylammonium complexes have also been found to be a 
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potentially effective absorbent in improving water quality. The following order 
according to their adsorption capacity is Fe3+> Ae+> H+> Ba2+> Ca2+> Mi+> 
NH/> K+> Na +> Li+ 71. There are two different ways of intercalation. The first 
one is an ion exchange reaction in which the interlayer metal cations are 
exchanged with the organic, or inorganic, complex cations. Another intercalation 
is ion-dipole interactions in which polar organic molecules such as alcohols, 
ketones interact with interlayer cations and silicate layers 90. 
, 
Long chain alkyl amine salts can be used to modify montmoriIlonite clay, 
which can be used as filler for polymers. The ammonium ion with its long chain 
hydrocarbon groups can replace, or exchange with, Na+ ions. The long chain 
hydrocarbon groups cover the siloxane surfaces. In other words, these long 
hydrocarbon chains are more compatible with a polymer. 
When an amine salt (R-NH3 +Cll or a quaternary ammonium salt or base 
(ItiWCI - or ItiWOH ") is added to a clay-water suspension, exchange of cations 
occur in which the clay surface adsorbs until all the exchange positions are 
occupied by the organic cations. The amino groups are strongly attached to the 
clay surface and the hydrocarbon chains replace the water molecules on the clay 
surface and maybe are tilted when the chains are too long to lie flat. They can 
form lateral monolayers, lateral bilayers, paraffin-type monolayers (radiate away 
from the surface) and paraffin-type bilayers 91. 92 as indicated in Figure 1.22. The 
energy necessary for breaking the interlayer bonding in the intercalated structure 
were found to be 604.9 kJ/mol for monolayer arrangements and 157.2 kJ/mol for 
the bilayer arrangement 90. 
c) d) 
Figure 1.22 : Alkyl chains in a layered silicate. a) Lateral monolayer. b) Lateral 
bilayer. c) Paraffin-type monolayer. d) Paraffin-type bilayer 93 
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For a single, long alkyl chain, a monolayer and bilayer correspond to a 
basal spacing of about 1.32 and 1.80 run, respectively 72, 94. This is because the 
thickness of methyl or methylene group is about 0.4 run 9S. The basal spacing is 
equal to the thickness of silicate layer plus the thickness from intercalated 
molecules. The arrangement of organic modifiers varies from solid-like to liquid-
like depending on the packing density, the organic chain length, and the 
temperature 96. Cation exchange capacity (CEC) determines the number of chains 
per area, so the higher the CEC, the larger is the interlayer spacing 94,97. At high 
ion density, the free area is small. So, the organic molecules will be tilted, or 
oriented, to the surface 98. As the chain length increases, the interlayer structure 
appears to change from a disordered to a more ordered monolayer then jumping to 
a more disordered pseudo-bilayer with increased basal spacing 99, 100. At higher 
amounts of adsorbed material, the alkyl chains are in a close packed arrangement 
and the interlayer increases to 3.25 run. In this form, there are interactions 
between adjacent alkyl chains 9S which can be called organo-cation aggregation on 
the clay surface 7S. An excess surfactant can stay with their counterions in the 
interlayer such as octadecylammonium with the chloride anion. Another 
interaction comes from the hydrophobic interaction between the alkyl chains 80, 
101. De-intercalation of modifiers also can be caused by a strong acid 96. 
Some polymers are processed at high temperature. If an organoc1ay is to 
be used at high temperature, the modifier can be changed from the normal long 
alkyl chain to a more stable chemical such as monoalkyl and dialkylimidazolium 
surfactant. They can markedly improve thermal stability by up to 1000C 102. 
1.5 Nanocomposites 
Polymer nanocomposites are a class of composites in which the 
reinforcing phase dimensions are in the order of nanometres (1-100 run) 42. 
Hybrid inorganic-organic materials are promising systems for a variety of 
applications. These materials have attracted much interest due to their 
extraordinary properties. The incorporation of microscale and larger inorganic 
fillers into organic polymers is well explored. The decrease in size of the 
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inorganic component into the nano dimension will increase dramatically the 
interfacial area, and this is the cause of the extraordinary properties. A challenge 
in the design of these hybrid inorganic-organic systems is to control the mixing 
between the two different phases. There are many nano-sized fillers such as 
CaC03, Si02, Ti02, gold, platinum, and ZnO etc 27,103.113. 
Polymer nanocomposites with layered silicates (montmorillonite clay) as 
the inorganic phase have great potential for future applications 78. They have been 
known for quite a long time, but first went onto commercial application by the 
Toyota Motor Company, when they used nylon-layered silicate nanocomposites 
for automotive timing-belts. These composites exhibit excellent mechanical 
properties compared with nylon-6. The tensile modulus is twice and the 
coefficient of linear thermal expansion is reduced to half. From then on, 
nanocomposites became of great interest to industry and to basic research. 
The potential market volume for nanocomposites is very large. Over the 
next five years, application development activities will accelerate for these 
materials. In the period from 2004 to 2009, demand is projected to grow at an 
average rate of 35% a year, reaching a market volume of 1 billion pounds, or 10% 
of the addressable market 66. Table 1.6 indicates the forecast global market for 
nanoc1ay composites. 
Table 1.6 : Forecast global market for nanoc1ay-reinforced composites for the 
period from 1999 to 2009 66. * (AAGR = Average Annual Growth Rate) 
Material 1999 2004 2009 AAGR*, %, 
2004 to 2009 
Thermoplastics 
pp 
-
42 210 38% 
PA 2 51 200 31% 
PET - 41 165 32% 
PVC - 10 135 68% 
PS - 24 85 29% 
EVOH - 5 25 38% 
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Table 1.6 : Forecast global market for nanoclay-reinforced composites for the 
period from 1999 to 2009 66. *(AAGR = Average Annual Growth Rate) (cont.) 
Material 1999 2004 2009 AAGR*, %, 
2004 to 2009 
Thermoplastics 
PE - - 25 N/A 
ABS 
- 7 40 43% 
Acrylic - 5 15 25% 
PBT - - 4 N/A 
PC - 1 4 42% 
F1uoropolymers 
- -
2 46% 
. 
Subtotal: thermoplastic 2 185 910 38% 
Thermosets 
Epoxy 
-
20 65 27% 
Polyurethane 
-
7 15 17% 
Unsaturated polyester - 3 10 27% 
Subtotal: Thermoset 
-
30 90 25% 
Elastomers 
EPDM - 8 15 13% 
TPEs - 5 10 14% 
SBR 
-
2 5 20% 
Subtotal: Elastomer - 15 30 14% 
TOTAL 2 230 1030 35% 
1.5.1 Morphologies of polymer-silicate nanocomposites 
Commercially, nanoparticles are usually provided in an agglomerated state 
due to decreasing size of particles which cause their specific surface area to 
become very large 109. Qualitatively, the organo-clay particles can be described as 
either exfoliated, intercalated, or agglomerated tactoid 114. The agglomerated 
tactoid structure is particulate clay made of multiple tactoids 114. If the clay sheets 
exist in bundles, and the interlayer spacing is not altered in the polymer matrix, 
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the composite is referred to as having a tactoid composite structure. When the 
interlayer spacing is increased, but the clay sheets are poorly dispersed, the 
composite is referred to as an intercalated nanocomposite. If the clay sheets are 
well dispersed, the composite is referred to as an exfoliated nanocomposite 78. All 
these structure can be seen in Figure 1.23. 
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Figure 1.23: Morphologies o/layered silicate composites 11S 
The hybrid structure depends on the polymer molecular weight, 
organophilic nature of clay, the particle size, the degree of mixing and the 
processing conditions 116. Phase modelling of polymer-clay nanocomposites 
shows the following 117.118. 
1. A high molecular weight polymer requires strong interactions between 
the polymer and the clay to be thermodynamically stable. 
2. A truly exfoliated structure is possible for low molecular weight 
polymers and low interaction levels. 
3. When molecular weight is high and also there is a high interaction, the 
composite is expected to show intercalation. 
4. For short surfactant molecules, the polymer is unable to penetrate the 
gallery between the clay surface, and the result is an immiscible system. 
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5. Only in the limit of strong interactions between surfactant chains and 
polymer can exfoliation occur. 
The losses in the conformational entropy for long chain polymers would 
promote phase separation between the polymer and the clay. To achieve a uniform 
structure, it is important to make the interaction between clay particles as neutral 
as possible 119. 
The clay platelets tend to retain their face-face morphology even after 
exfoliation or alignment with each other up to a distance of 8-15 nm. This is 
because the platelets have planar dimensions much larger than the expanded 
gallery spacing, thus restricting their ability to rotate. 
X -ray diffraction patterns of polymer-clay composites are summarised in 
Figure 1.24. 
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Figure 1_24 : X-ray diffraction patterns for polymer-clay composites 116 
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1. For immiscible systems, there is no change in the basal spacing of the 
clay due to the absence of intercalated polymer. The x-ray diffraction peak will be 
unaltered. 
2. For an intercalated system, the x-ray diffraction peak will shift to a 
lower angle corresponding to the increase of the basal spacing. If the system is 
more ordered, the peak will be sharper with increasing intensity. If the system is 
more disordered, the peak will be broader with decreasing intensity. 
3. For an exfoliated system, there is no peak due to the extensive layer 
separation. 
There are five possibilities to overcome phase separation in polymer-filler 
hybrids systems 120. 
1. Using a polymer which has interactions with the particles such as van 
der WaaIs, dipolar and hydrogen bonding. 
2. Using an inert organic layer as a compatibilizer on the surface of the 
particles. 
3. Using encapsulation of the particles by polymerization techniques such 
as emulsion polymerization. 
4. Using covalent linkages arising from reaction of attached functional 
groups on the particle with the polymer. 
5. Using particles with surface initiation groups for grafting with the 
polymer chains. 
1.5.2 Thermodynamics of nanocomposite formation 
The thermodynamics involved in the intercalation process will now be 
discussed. The driving force for polymer chain to enter into layered silicate is the 
entropy gained by the expansion of the silicate layers, which compensates for the 
entropy decrease of the confined polymer chain. Intercalation happens when the 
Gibbs free energy change is negative 121,122. 
80 = Oibbs free energy change 
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~H = enthalpy change 
T = temperature 
~S = entropy change 
In the intercalation process, unconstrained polymer chains must enter the 
narrow silicate interlayer so their entropy decreases, However, there is an increase 
in the entropy of the organic modifiers which gain more freedom as the layered 
silicate expands to accommodate the polymer chains 123, There are also favourable 
secondary interactions between the polymer, organic modifiers and layered 
silicates, which can also help intercalation process as well 122, 124, If the entropy 
loss is large, enthalpy will determine whether or not intercalation will occur 124, 
A large negative change of enthalpy is needed to overcome the entropy loss, The 
enthalpy could come from the interactions between polymer and non-polar long 
chains connected to the ammonium cations, but this is weak, Another bonding 
between the polymer and the silicate could be hydrogen bonding, or dipole, or van 
der Waals interactions 125, If polymer is polar, another interaction comes from 
layered polar silicates and the polar polymer 126, This strong polar interaction is 
important in the formation of intercalated and especially exfoliated systems, 
Nylon-6 can have hydrogen bonding to the clay surface, so if the surface is 
covered too much by the organic modifiers, for example two long alkyl chains 
instead of one, the reduction of this interaction will occur, and, thus, reduce the 
degree of exfoliation 127, However, too strong interactions between polymer and 
, 
silicate layers may lead to stable intercalated hybrids rather than exfoliated 
ones 128, Modified polymer compatibilizers such as maleic anhydride grafted 
poly(propylene) (MA-PP), when incorporated to the intercalation process, can 
• 
increase the interlayer spacing due to the interaction from hydrogen bonding 
between the clay and the maleate groups 123, 129, However, if there is too high a 
maleic group content, this can possibly have adverse effects associated with phase 
separation 123, Structural similarity of the organo-modifier and the polymer would 
also lead to easy intercalation 130, In conclusion, intercalation usually depends on 
functionality, packing density, and length of the organic modifiers as well as the 
formation of interaction between polymer segments and the clays 131, 
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Agglomerated filler can disperse because of three possible driving 
forces 132. 
1. Hydrodynamic or chaotic dispersion. The viscous forces will disrupt the 
aggregates and take the fragments along the flow lines in the mixer. 
2. Entropic dispersion. This dispersion requires low viscosities to be 
effective. It is Brownian motion which causes this random dynamic process. 
3. Enthalpic dispersion. This may be used in the colloidal state, in solvents, 
or in molten polymers. A thermodynamically favourable interaction between the 
particle surface and the polymer medium is required to achieve a stable 
dispersion. It is the most dependent on the filler surface properties. 
1.5.3 Nanocomposite properties 
Micro- and macro-composites exhibit properties closer to the average 
properties of the components, while in the case of nanocomposites, many of the 
properties are determined by special nanostructure 133. Polymer-layered silicate 
nanocomposites often show tremendous property improvements with a relatively 
low amount of clay. These new materials have been studied and applied in many 
applications. In automotive manufacturing, nanocomposite plastic parts offer a 
25% weight saving compared to highly filled plastics and about 80% over 
steel 134. It provides comparable, or better, properties such as stiffness, strength, 
corrosion resistance, noise damping, thermal stability and dimension stability with 
only a minor increase in cost because it can be effective at loadings under 5% by 
weight 134. Nanocomposites using montmorillonite clay combine many good 
factors 135. 
1. Low loading levels. Only 2-10% by weight loading can equal, and 
sometimes exceed, traditional composites containing much higher loading. This 
means that machine wear is reduced and the processability is better. 
2. Transparency. The dimensions of montrnorillonite single platelets are 
lower than the visible light wavelength. So, the particles are transparent if the 
montrnorillonite is exfoliated. This is good for film packaging. 
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3. Safety and environmental consideration. Montmorillonite is a natural 
clay product and has been used safely in consumer products. It also can be 
recycled. 
4. Layered silicates reinforce in two dimensions without special lamination 
rather than in one dimension which is the case for fibre reinforcement. 
Some properties of polymer-clay nanocomposites 
I. Mechanical properties 
Young's modulus can be increased significantly at rather low filler 
contents when nanocomposites are formed. Normally, polymer-clay 
nanocomposites show an increase in modulus for polymers such as poly( ethylene) 
136, poly(amide-6) 137, poly(propylene) 138, and epoxy resins 139. poly(l-butene)-
clay nanocomposites exhibited about 40-140% increase in storage modulus 140. 
The modulus of glassy poly(methyl methacrylate) (PMMA), with 40 wt % layered 
silicate increased by 50% 141. Poly(imide) nanocomposites had a 42% tensile 
modulus increase with just 2% loading 142. The dynamic modulus of polymer-clay 
nanocomposites also increases, as for example, in poly(styrene) 143 
poly(trimethylene terephthalate)(PTT), poly(caprolactone) 144, poly(amide-6) 144, 
poly(propylene) 145 and poly(lactide) 146. 
Tensile strength strongly depends on the nature of the interactions between 
the polymer matrix and the filler rather than on the intercalation or exfoliation 
structures. The concept of chemically coupling a functionalized clay with the 
polymer, or a polymer precursor, might be useful to promote stress transfer and 
improve the mechanical properties of the nanocomposites 78. Intercalated 
nanocomposites provide better toughening than exfoliated ones. This is because 
toughening generally needs a large particle size to promote a crack bridging 
mechanism, and these prevent crack growth 141. The toughness depends on the 
orientation of the stacked layers because the applied energy is dissipated by 
splitting, sliding, or opening of the separated bundles in the stacked structures 147. 
Epoxy resin-clay nanocomposites show improved toughness in the intercalated 
state. This could be the result of the formation of anisotropic laminated 
nanoparticles. However, the completely exfoliated layered silicates improved 
mainly just the stiffness 73. 
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The properties of polymer nanocomposites show many different results 
and do not have a universal trend because of the different natures of the various 
polymers and the different preparations. Table 1.7 shows a sununary of the trends 
observed to date 148. 
Table 1.7 : Property trends in polymer-nanocomposites 148 
Properties Interaction Crystalline polymer Amorphous polymer 
Elastic Good Increases with vol.fraction. Increases with vol.fraction. 
modulus Increases, or no change, Increases with decrease of 
with decrease of size. size. 
Poor Increases with vol.fraction. Increases with vol.fraction. 
Increases with decrease of Increases with decrease of 
size. size. 
Yield Good Increases with vol.fraction. N/A 
stress Increases with decrease of 
size. 
Poor Decreases with addition of Decreases with addition of 
particles. particles. 
Ultimate Good Increases with decrease of Nano > micro after 20% 
stress size. No unified result for weight. 
change in vol. fraction. 
Poor Lower than zero loading Decreases with addition of 
for small vol. fraction. particles. 
Strain to Good Decreases with addition of Increases with addition of 
failure particles. particles. Increases with 
decrease of size. 
Poor Decreases with addition of Increases with addition of 
particles. particles. 
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2. Barrier properties 
The decrease in the gas permeability shown by nanocomposites is 
attributed to the high aspect ratio of the clay. It is explained by the increase in the 
diffusion path of the gas as shown in Figure 1.25 149. 
Figure 1.25 " Model for the path of a diffosing gas molecule 
Polymer components used in artificial hearts can be made from polymer 
nanocomposites to make them less permeable to air and water. This good property 
also can be used in cosmetics and food packaging IS0. Poly(imide)-clay 
nanocomposites reduced gas permeability to less than half at only 3 wt % clay 
loading 149. Poly( ethylene-vinylacetate )(PEVA)-clay nanocomposites show low 
oxygen permeability 151. 
3. Thermal stability 
Thermogravimetric analysis (TGA) has been used to study the thermal 
stability of nanocomposites. The heat resistance of a poly(urethane}--clay 
nanocomposite increased as shown by thermogravimetric analysis. A 40°C 
increase in the degradation temperature and a 14% increase in the degradation 
activation energy with only I wt % of clay were observed 152. Poly(propylene)-
clay nanocomposites increased the onset of the degradation temperature from 270 
to 3300 e 153. Poly(methyl methacrylate)-clay nanocomposites increased the onset 
decomposition temperature by IS-30oe 154. Maximum heat generation rate for 
polyamide-clay nanocomposites is lower by 63 to 68% than that of the unfilled 
polyamide-6. This could be the result of a carbonized layer forming on the surface 
that hinders the burning and prevent the diffusion of volatiles generated by 
thermal decomposition !ss. The improvement in thermal stability also found in the 
nanocomposites of poly(aniline) 156, poly(imide) 130, poly(propylene) 
poly(lactide) 146, poly(etherimide) 160 and poly( ethylene terephthalate) 161. 
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By using alkyl phosphonium as the organic modifier, polymer-modified 
clay nanocomposites not only increase thermal stability in processing, but also 
increase flame retardance because phosphorous compounds are known to be 
effective flame retardants 162. 
4. Other properties 
With only 1 wt % clay loading, polystyrene(PS)- and poly(styrene-co-
acrylonitrile )(SAN)-clay nanocomposites were found to be superior in 
anticoITosion properties to the unfilled "polymers 163, 164. Poly(ethylene 
oxide)(PEO) and polyaniline(PANI) with sodium montmorillonite also improved 
the ionic conductivity 165.167. Poly(dimethylsiloxane)(PDMS)- and gelatin-
montmorillnite nanocomposites decreased the swelling significantly and reduced 
the maximum solvent uptake 168,169. Poly(amide-6)-clay nanocomposites at 10% 
loading only absorbed half the amount of water compared to the unfilled 
material 170. Poly(diallyl dimethyl ammonium chloride}-clay nanocomposites can 
absorb the pol' ion from water to reduce pollution 68, 86. Polystyrene-clay 
nanocomposites exhibit decreasing dielectric constant and reduced dielectric 
loss 171,172. 
1.5.4 Preparation and processing of nanocomposites 
Three distinct strategies can be used to prepare polymer-clay 
nanocomposites 41,123. 
1. Solution method 
The layered silicates have weak forces holding the stacked layers together. 
The host lattice can exfoliate into single layers in the presence of a solvent. 
Dissolving the polymer and the layered silicate in the solution with stirring, or 
ultrasound, can assist intercalation and exfoliation 110. High power sonication can 
break large aggregates and produce a more uniform dispersion of small aggregates 
and exfoliated particles. The high power ultrasonifier generates ultrasonic waves 
of high amplitude that induce cavitations (bubbles). When these bubbles form in 
the gallery spaces of clay, they can deagglomerate clay platelets 78. However, 
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some polymer such as rubbers in solvent are highly viscous. So, it is difficult to 
use the ultrasonic technique 78. The polymer molecules will be adsorbed onto the 
delaminated sheets and when the solvent is evaporated, the layered silicate 
reassembles, sandwiching the polymer to form an ordered, muItilayer structure. 
This method needs a large amount of the organic solvent for good dispersion. 
Figure 1.26 sh?ws the solution method. 
solvated 
organophilic clay 
solvated 
polymer 
Intercalation Evaporation 
Figure 1.26 : Intercalation of polymer by the solution method 97 
This technique has been widely used with water-soluble polymers. The 
thermodynamics involved in solution intercalation is as follows. The driving force 
for the polymer is the entropy gained by desorption of solvent molecules, which 
compensates for the entropy decrease of the confined, intercalated chains. 
Intercalation only occurs for certain polymer/solvent pairs. Poly(ethylene oxide) 
(PEO) intercalated and replaced water molecules filling the space between the 
hydrated exchangeable cations 88. High solubility of the polymer and good 
dispersion of the silicate are the primary criteria used in the solvent selection of a 
good solvent for intercalation. PEO is fully intercalated in water and chloroform, 
but intercalated very little in toluene 121. This is because toluene is a non-polar 
solvent and does not readily dissolve PEO. The strong interactions exist between 
the hydrosoluble macromolecules and the silicate layers or bridging effects. 
However, in many cases, this leads to re-aggregation on drying. This method was 
used to prepared some polymer nanocomposites such as poly(trimethylene 
terephthalate) 97, gelatin 169, polybenzoxazine 173, syndiotactic poly(styrene) and 
ethylene vinyl acetate 174. 
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If a polymer is insoluble, but its Iow molecular weight precursor is soluble, 
then nanocomposites can be prepared by using the exfoliation adsorption method 
and converting the precursor to the final polymer by chemical reaction. 
Poly(imides) (PI) are difficult to dissolve in organic solvents. Toyota Research 
Group prepared poly( amic acid) as a precursor and mixed it with modified 
montmoriIIonite. After the elimination of the solvent, the organoclay-filled 
poly(amic acid) film was recovered. After that it was heated at 300°C in order to 
trigger the reaction. The poly(imide) nanocomposite was so obtained 175. 
A new aspect of this method is the use of the supercritical carbon dioxide 
process (SCCOl). SCCOl is an inexpensive and non-flammable alternative solvent 
for polymer-clay nanocomposite synthesis 141. It has Iow viscosity, near zero 
surface tension, chemical inertness, and high diffusivity. It can be used with polar 
polymers such as poly(ethylene oxide), even though carbon dioxide is non-
polar 176. 
2. Intercalation polymerization 
The layered silicate is swollen In the monomer. These monomer 
molecules, between the silicate sheets, are then polymerized by heat, radiation, or 
chemically 177. The layered silicate can exchange its cations with the initiator, or 
catalyst, before the monomer intercalation process as shown in Figure 1.27. 
organophilic 
clay 
monomer 
Swelling 
t 
curing 
agent 
Polymerisation 
Figure 1.27 :Nanocomposites by intercalation and polymerization of monomer 97 
For thermoplastic materials, aniline monomer was intercalated into sodium 
montmoriIIonite. The polymerization occured by using an oxidizing agent at O°C 
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for 4 hours 178. Poly(&-caprolactone) nanocomposites were prepared by in situ 
polymerization. Clay was mixed with &-caprolactone monomer and followed by 
heating at 100°C for 48 hours. Further work indicated that the &-caprolactone 
monomer can intercalate 179. This material deserves interest because of its 
biodegradability and compatibility with a large range of polymers 180. This could 
be a new method to prepare nanocomposites because it is not always possible to 
introduce polymer chains into the galleries of layered silicates. Poly( &-
caprolactone )-clay nanocomposites can be used as a compatibilizing 
component 181 when mixed with the other polymers 182-184. 
For thermosetting materials, intercalated and exfoliated epoxy resin 
nanocomposites have been widely studied. Montmorillonite modified by bis(2-
hydroxyethyl)methyl hydrogenated tallow alkylammonium cations were mixed 
and sonicated with the diglycidyl ether of bisphenol A (DGEBA). The 
intercalation improves at higher temperature I8S. The curing agent also has an 
effect on the nanocomposites. When using a high amount of meta-phenylene 
diamine (MPDA), only intercalated epoxy nanocomposites were obtained. 
Exfoliated composites were formed when cured with less than a stoichiometric 
amount of MPDA, or without a curing agent 186. Furthermore, complete 
exfoliation was observed by a slow increase in the complex viscosity and a fast 
rise in the storage modulus. The faster polymerization was not necessary for 
exfoliation 187. 
For elastomeric materials, polyurethane nanocomposites have been 
prepared by swelling modified clays with polyols which are then cross-linked 
using diisocyanates 188,189. 
3. Melt compounding 
No solvent is required in this method. The process is environmentally 
benign. The layered silicate is mixed with the polymer above its glass transition 
temperature. The polymer molecules can diffuse into the interlayer gaps and form 
intercalated, or exfoliated, structures. Figure 1.28 shows the melt compounding 
process. 
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Figure 1.28 : The melt intercalation process 97 
This method was first reported in 1993 for polystyrene nanocomposites 
from commercial polystyrene and a modified alkylammonium montmorillonite by 
mixing and heating the mixture in a vacuum at 165°C 125, They found the absence 
of a glass transition temperature 125, Modified fluorohectorite'polystyrene 
nanocomposites also have been prepared to study the kinetics of polymer melt 
intercalation, The rate of conversion from unintercalated to intercalated silicate 
was studied at various temperatures and molecular weights, Hybrid formation was 
limited by mass transport into the primary particles of the host silicate and not 
specifically by diffusion of the polymer chains within the silicate galleries 190, 
Nylon-6·organoclay nanocomposites can also be prepared by melt 
compounding, The exfoliated form can be obtained with a twin-screw extruder 191, 
A single-screw extruder was far less effective than the twin-screw extruder 
because the amount of shear was insufficient and the residence time was too 
short 137,191, 192, The addition of nano-clay can greatly increase the viscosity of the 
composites when there is strong interaction which leads to improved dispersion 
and distribution in blending 193, The mechanical properties of such 
nanocomposites were significantly increased with only a marginal decrease in 
ductility 19l, 
Preparing nanocomposites by the melt compounding method has been 
widely used with many polymers such as poly(propylene) 99, 129, 138, 145, 158, 194-198, 
poly(ethylene) 100,136,199, poly(styrene) 190 and the poly(amides) 200,201, 
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Polyolefins are non-polar and can not intercalate into the sodium 
montrnorillonite or even into the modified montmorillonites. By modifying the 
polypropylene (PP), polyethylene (PE) and ethylene-propylene rubber (EPR) with 
maleic anhydride, the polyolefin-clay hybrids have been prepared by melt 
blending. The driving force for the modified polyolefin intercalation originates 
from the strong hydrogen bonding between the maleic anhydride groups and the 
polar clay surfaces 202. There is also another method to prepare PP 
nanocomposites by melting. Firstly, the inter-galley distance of the modified clay 
was increased further by reacting it with epoxypropyl methacrylate. This is 
because the interaction between the layers was thus weakened. Secondly, with the 
unsaturated double bond of the epoxypropyl methacrylate inside the galleries can 
easily grafted onto the PP backbone under action of an initiator. The heat of 
reaction is another driving force to expand the interlayer distance 203. 
In conclusion, melt compounding can be influenced by these factors 99. 
I. Processing temperature. This is because increasing temperature leads to 
higher polymer diffusion rates and favours intercalation 126. 
2. Shear rate. With sufficiently favourable thermodynamics and low 
loadings, nanocomposites can be fonned without mechanical shear 102. 198. The 
strong shear is necessary to promote the delamination of the silicate layers 198. 
3. Compatibilizer type and content. The interfacial action or bond 
formation at the interphases between clay and polymer is required to transfer 
stresses during processing in order to achieve improved exfoliation and 
stabilization of the dispersion. Compatibilizer is needed for this task 99. If they are 
compatible, almost any set of processing conditions can be used. Without 
improving the chemical compatibility between the polymer and the clay, adding 
more shear intensity may not decrease the particle size. 192 
4. Polymer viscosity. High polymer viscosity can increase the shear stress 
and help the break up process. If the interfacial tension between the polymer and 
clay is low enough (or very compatible), the requirement of shear to break up the 
agglomerates is reduced and the diffusion capability of low viscosity polymer may 
become important 123. 
5. Residence time. Enough time is required to allow polymer to enter the 
clay galleries and force the platelets apart 192. 
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Dispersion of relatively polar silicate platelets within a non-polar polymer 
is unstable. The layers tend to agglomerate as soon as the composite is sufficiently 
fluid 177, 204. The collapse of the structure may be prevented by increasing the 
. . fth 't 177 vIscosity 0 e composl es . 
1.5.5 NR-, SBR- and NBR- clay nanocomposites 
The reinforcement of a rubber compound can lead to improvement in 
strength, hardness, stiffness, abrasion, tear resistance and service life. It is already 
understood that the particle size 56 or the specific surface 56 and also surface 
activity 56 are important. Although layered silicate nanocomposites have been 
prepared with many types of polymer with exceptional properties, there are very 
few studies on rubber-clay nanocomposites. 
1. Natural rubber and epoxidized natural rubber 
The introduction ofmontmorillonite clay into non-polar synthetic NR (cis-
1 ,4-polyisoprene) and epoxidized natural rubber (ENR) has been investigated 205. 
ENR has epoxy groups along the backbones, which give it both increased polarity 
and glass transition temperature. Sodium montmorillonite was mixed with these 
rubbers using an internal mixer and intercalation does not occur. However, when 
NR was dissolved in toluene, or ENR in methyl ethyl ketone, with various 
modified clays, intercalation happened as seen from the x-ray results. The storage 
modulus of the non-polar NR was much smaller than the polar ENR compounds 
and the storage modulus increases as filler loading increases. They also found that 
the higher the organic content the higher was the affinity for the non-polar rubber. 
The modulus and tensile strength also increased with a decrease in the elongation 
at break. ENR-organoclay nanocomposites also has been prepared by melt 
compounding with resulting higher tensile strength, tear strength, and modulus 
than ENRlsilica 206. ENR can be used as a compatibilizer for NR and provide 
higher tensile and tear strength 207. There are SEM, TEM and X-ray results of 
layer silicated-natural rubber nanocomposites prepared by the solution method 
which show that the composites contain both intercalation and aggregation. The 
moduli of the composites increased, while the tensile strength and the elongation 
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at break decreased 208. At 7 phr, NR-organoclay nanocomposites prepared by 
solution method had tensile strength comparable with carbon black and silica at 20 
phr prepared by melt blending 209. The vulcanization kinetics of natural rubber-
organoclay nanocomposites has been studied 210. The modifier, an alkyl 
ammonium salt, strongly affects the curing kinetics. The vulcanization rate and 
the torque increased which indicate a higher number of crosslinks. Natural rubber 
nanocomposites prepared by a two-roll mill have been studied 211, 212 to compare 
these with the carbon black filled equivalents 213. Only 10 phr of the organoclay 
was enough to obtain a similar mechanical behaviour to the compound with 40 
phr of carbon black (N660) 213. NR-clay nanocomposites can also be prepared 
from the latex. Clay, without modification, can be dispersed well by using a 
special type of mechanical stirrer at 16,000 rpm for 24 hours 63. 
2. Styrene butadiene rubber 
Styrene butadiemi rubber (SBR) nanocomposites have been studies in 
many ways. SBR latex was mixed with a clay/water suspension for a period of 
time, and was then coagulated with a dilute hydrochloric acid solution. After 
drying and curing with a curing agent, the composites were tested. Hardness, 
tensile strength, tear strength and tensile strain had reached the level of carbon 
black-SBR composite. However, when the loading of clay was higher than 40 
wt %, some properties of the nanocomposites stopped rising. This could be 
explained by the poorer dispersion of the clay at high loadings 214, 2lS. SBR-
organoclay prepared from the latex had better tensile strength than compounds 
made by a roll mill method 216. To improve the matrix-filler bonding, silane 
coupling agents were added to the SBRlorganoclay/toluene 217. The strain at break 
and hysteresis decreased significantly. Organoclay can also increase the crosslink 
density in SBRlclay nanocomposites 2ll, 218. SBR with different styrene contents 
(15,23, and 40%) were mixed with an organoclay at 4 phr by the solvent method. 
SBR with 40% styrene was the most effective for intercalation and exfoliation due 
to the high amount of bulky phenyl groups which separate the galleries. However, 
SBR with 15% styrene content showed better intercalation and exfoliation than 
SBR with 23% styrene due to the higher mobility of chains 219. 
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3. Acrylonitrile-butadiene rubber (NBR) 
A nanocomposite has been prepared by melt mixing sodium 
montmoriIIonite and organo-montmoriIIonite into the rubber matrix. Sodium 
MMTINBR formed a microcomposite while organo-MMT formed 
nanocomposites and improvements in tensile strength and modulus were 
found 220. Carboxylated acrylonitrile-butadiene rubber (CNBR) nanocomposites 
were prepared by co-coagulating rubber latex and clay aqueous suspensions 221. 
TEM indicated intercalation and exfoliation of the silicate layers. The cured 
CNBR compound prepared using a two-roll mill indicated that the high shearing 
forces in the nip region reduced the aspect ratio and made silicate layers align in a 
more orderly fashion. A silane coupling agent can improve dispersion of 
organoclays in NBR 222, 223. NBR-organoclay nanocomposites show improved 
thermal stability, mechanical properties 223 and decreased gas permeability 222. 
NBR latex also can mix with sodium clay. This NBR-clay nanocomposite 
improved tensile strength with a decrease in gas permeability 224. Organoclay 
modified with longer alkyl ammonium ions had better mechanical properties, a 
reduction in scorch time and curing time compared to short alkyl ammonium ions 
225,226. Tensile strength increased rapidly at Iow loading (8.7%), but only a little at 
high loading 225. 
2. OBJECTIVES 
In the past, clay was used to reduce the cost of rubber compounds, with the 
reinforcing properties being Iow compared to carbon black and silica. In order to 
improve the properties of the clay-rubber compounds, the modification of clay is 
needed. 
Recently, organoclays have been studied intensively in many types of 
polymer with exceptional improvement in properties. There have been just a few 
researches in rubber-clay nanocomposites. Thus, the overall effects of adding 
clays to rubbers need much more investigation. 
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This research was planned to investigate whether nanoclays can be used as 
effective reinforcing fillers for rubber compounds. This work had the following 
sequence. 
1. To synthesise an organoclay and to examine some commercially 
available modified clays. Four commercial clays with different modifiers and 
modifier concentrations were tested. These clays are normally used with plastics. 
2. To investigate the effect of clay concentration and clay modifiers on the 
physical and curing properties ofNR, SBR, and NBR rubbers. 
3. To compare the properties of rubber-clay composites with rubber-
carbon black composites in order to find out whether clay can replace carbon 
black. 
4. To study the effect of rubber polarity on different clays. NR, SBR and 
NR were used to give this range in polarity. 
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3. EXPERIMENTAL WORK 
3.1 Materials 
1. The natural rubber (NR) used was a standard Malaysian natural rubber 
grade L (SMR L). It is a light coloured rubber prepared from field latex 227. The 
density was 0.92 glcm3 • The weight average and number average molecular 
weight are 2,720,000 and 384,000 glmol, respectively as determined by gel 
permeation chromatography (GPC). It has dirt (max 0.02 %wt), ash (max 0.50% 
wt), nitrogen (max 0.60 %wt), and volatile matter (max 0.50 %wt) contents 228. 
2. The styrene-butadiene rubber (SBR) used was grade 1502 with the trade 
name KRALEX. It is an all-purpose grade containing a non-staining stabilizer. It 
is used for the production of white or bright colour products. The density is 0.94 
g/cm3• The SBR 1502 was found to have a weight average molecular weight of 
509,000 and a number average molecular weight of 129,000 glmol as determined 
by gel permeation chromatography (GPC). It contained volatile matter (max 0.75 
% wt), ash (max 0.40 % wt), organic acids (4.5-7.0 % wt), and soap content (max 
0.30 % wt) 229. The bound styrene content was 22.5-24.5 wt %. 
3. The acrylonitrile-butadiene rubber (NBR) used has the trade name 
NIPOL. It has an acrylonitrile (AN) content of 32.5-34.5 wt %. The density is 
0.98 g/cm3. It is creamy white to pale yellow with a moisture content of 0.8 % 
max 230. The GPC results show weight average molecular weight of 379,000 and a 
number average molecular weight of 89,000 g/mo!. 
4. All the clays were commercial samples produced in large quantities at 
relatively low cost by using a natural modifier (a tallow amine). So, the structure 
is not as well defined as when made from pure alkyl units. Tallow is a natural 
product consisting of a distribution of saturated and unsaturated hydrocarbon 
chains. However, it is cheap 231. The clays used for this study were supplied by 
Southern Clay Products Inc. (GonzaIes, Texas). The average particle size of the 
clays varied in the range 2-13 /-lm. 
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4.1 Cloisite Na (Na clay) is a natural montmorillonite. It does not have an y 
organic modifier. The cation exchange capacity is 92.6 meq/IOOg clay. Th e 
density is 2.86 g/cm3• The gallery distance (dool), by X-ray diffraction, is abou t 
1.17nm. 
4.2 Cloisite 30B (C30B clay) is a natural montmorillonite (Na clay ) 
modified with methyl tallow bis-2-hydroxyethyl quaternary ammonium chlorid e 
as indicated in Figure 3.1. The modifier concentration is 90 meq/IOOg clay. Th e 
density is 1.98 g/cm3• The gallery distance (dool) by X-ray diffraction is about 1.8 5 
nm. The chemical structure of the modifier is shown in Figure 3.1. 
CH2CH20H 
I 
H3C-N+-T I 
CH2CH20H 
Figure 3.1.' Chemical structure ojCloisite C30B modifier 
T is tallow and its composition is shown in Table 3.1. 
Table 3.1 : Percent composition oftallow in C30B 
Number of carbon atoms per alkyl chain Amount, wt% 
Saturated 14 3.5 
15 0.5 
16 25.3 
17 2.5 
18 19.4 
20 0.5 
Unsaturated 14' 1.0 
16' 4.0 
18' 40.8 
18" 2.5 
. 
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18' corresponds to an 18 membered hydrocarbon that contains one double 
bond. 
18" represents hydrocarbon moieties containing two double bonds. 
C30B has highly reactivity functional groups (OH) which may improve 
compatibility between some rubbers and tbis clay 232. 
4.3 Cloisite 20A (C20A clay) is a natural montmorillonite modified with 
dimethyl dihydrogenated tallow quaternary ammonium chloride. The modifier 
concentration is 95 meqllOOg clay. The density is 1.77 g/cm3• The gallery distance 
(dool), by X-ray diffraction, is about 2.42 nm. 
4.4 Cloisite l5A (CI5A clay) is a natural montmorillonite modified witb 
dimethyl dihydrogenated tallow quaternary ammonium chloride. The modifier 
concentration is 125 meq/100g clay. The density is 1.66 g/cm3• The gallery 
distance (dool), by X-ray diffraction, is about 3.15 nm. 
The quaternary ammonium salts have two long aIiphatic chains. Botb 
C20A and C15A use the same modifier, but C15A has a higher concentration of 
modifier tban C20A. The chemical structure of tbe modifier is shown in 
Figure 3.2. 
Figure 3.2,' Chemical structure ojCloisite C20A and C15A modifier 
T is tallow and has a composition as shown in Table 3.2. 
HT is hydrogenated tallow 
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Table 3.2: Percent composition of hydrogenated tallow in C20A and C15A clays 
Number of carbon atoms per alkyl chain Amount, wt% 
Saturated 14 3.5 
15 0.5 
16 31.0 
17 1.0 
18 61.0 
Unsaturated 18' 3.0 
18' corresponds to an 18 membered hydrocarbon that contains one double 
bond. 
According to the company data sheet, the hydrophobicity of these clays 
can be ordered as follows CI5A>C20A>C30B>Na. It was, therefore, expected 
that nanocomposites prepared using these clays would exhibit variations in the 
rubber composite properties. 
5. Carbon black used in this work was VULCAN9 and defined in ASTM 
terminology as N115. It has a very high degree of reinforcement to rubber with 
outstandingly high tensile strength and tear strength with relatively low modulus. 
The surface area is 128 m2/g. Its ash content is about 1.0 wt % and its moisture 
content is about 1.5% 227 • 
. 6. The curing agents were purchased from Aldrich. An accelerator (CBS) 
was kindly supplied by Flexsys. Its trade name is Santocure. All chemicals were 
used as received. 
3.2 Modified clay preparation 
Montmorillonite is hydrophilic and lacks affinity with hydrophobic 
polymers. The ion exchange process of a montmorillonite with various organic 
cations is needed in order to give a partially hydrophobic character to the 
originally hydrophilic surfaces 233. The organic cation, such as alkyl ammonium or 
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phosphonium cations, wi11lower the surface energy of silicate layers and enhance 
the interaction between silicate and polymer 234. 
Cloisite Na clay was used from stock, without washing. Ratios of modifier 
and clay were prepared based on a milliequivalence basis with the sodium ions on 
the clay surface and the formula weight of the organic modifier. 
Five grams of Na Montmorillonite clay with a cation exchange capacity 
(CEC) value of 92.6 meq/lOO g was stirred in 1000 ml of distilled water at room 
temperature for 6 hours. Another beaker containing 1.68 g (W m) of intercalating 
agent (modifier) in 500 ml of distilled water was magnetically stirred at 80°C. 
This was necessary because the solubility of the armnonium salt with long alkyl 
chain lengths decreases and it was necessary to heat to dissolve it 235. In this 
experiment, octadecylamine (Mw,m = 269.51, melting point = 50-60°C) was used. 
The amount of modifier (Wm) was obtained by using of the following equation 163. 
CEC xW xF= W .. 
100xlOOO' Mwm 
CEC = cation exchange capacity ofNa clay, meq/lOOg. The 
cation exhange capacity is a measure of the quantity of sites on the clay surfaces 
that can retain positively charged ions (cations) by electrostatic forces. 
Wc = weight ofNa clay (g) 
W m = Weight of modifier (g) 
Mw,m= Molecular weight of modifier (glmol) 
F = concentration factor of modifier in the clay 
Clay can show ion exchange levels in excess of its CEC (Na MMT CEC = 
92.6 meq/lOOg). For example, C20A has 95 meq/IOO g or F = (95/92.6)=1.03. 
Meanwhile, CI5A has F = (125/92.6) = 1.35. IfF = I, it indicates an equal amount 
of intercalating agent was used. F = 1.35 was used for this octadecylamine 
experiment. 
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Hydrochloric acid was added to protonate the nitrogen atoms in the 
intercalating agent 171,236. After that, the ammonium salt solution was added to the 
MMT suspension, The mixture was stirred for 1 hour, at room temperature. 
A white precipitate formed suddenly after mixing. The exchange rate is relatively 
fast due to the large difference between the affinity of the organic cations and Na + 
ions 91, The organocIay was recovered by washing and filtering repeatedly. The 
filtrate was titrated with 0,1 N AgN03 until there was no AgCl precipitates to 
ensure the complete re,!fl0val of chloride ions 237. Finally, the organocIay was 
dried in a vacuum oven at 80T for 3 days and ground with a ball mill for 24 
hours. This successful preparation was undertaken to assess the ease, otherwise, of 
preparing organocIays. However, we could not make it ready in the scale needed 
for the main experiments discussed in this thesis. 
3.3 Rubber compounding 
The ability to perform direct intercalation expands the range of possible 
, 
nanocomposite preparations. Melt mixing of the samples was performed in an 
internal mixer (Haake Rheomix 600) with the batch size adjusted to a fill factor of 
0.75 loaded volume. The rotor speed was 40 rpm and the mixing time was 30 
minutes, Mixing time and rotor speed were kept constant to ensure approximately 
the same level of polymer degradation. The temperature was set at 40°C at the 
starting point and controlled by compressed air. The reduction of molecular 
weight of NR during mixing is due to the molecular chain scission by mechano-
chemical degradation. This does not happen to SBR due to its high mechano-
chemical stability and lower initial molecular weight 39. Mixing was carried out 
according to the mixing cycle given in Table 3.3. 
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Table 3.3 : Mixing cycle for the rubber composites 
Sequence Time (min) 
1. Rubber 0-5 
2. Filler 5-10 
3. ZnO and stearic acid 10-15 
4. Sulphur and accelerator 15-20 
5. Antioxidant (Santoflex 13) 25-30 
6. Discharge 30 
Filler dispersion process is complete when a flat trace of torque vs time 
was obtained with the Haake internal mixer. All the experiments showed these flat 
traces at time ofless than 30 min. So, a mixing time of30 minutes was used for all 
compounds. Figure 3.3 shows an example of a torque-mixing time curve from the 
Haake internal mixer. 
Filter 
dispersion 
completed 
Figure 3.3 " Torque-mixing time curve from Haake internal mixer 45 
The internal mixer provides a moderate shear force 238. Some aggregation 
still persists even with long mixing times 239. With conventional mixing, it is very 
difficult to approach a perfect dispersion. The melt compounding technique is not 
as effective as the in-situ polymerization process in preparing nanocomposites. 
There were two mixing fonnulations. First, the standard test fonnulation 
from BS 5738:1980 240 was used for the natural rubber compounds as shown in 
Table 3.4. 
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Table 3.4 : First formulation for the natural rubber compounds 
Ingredient Parts by mass (phr) 
1. Raw natural rubber 100.0 
2. Fillers (4 clays used) 5.0 
3. Zinc oxide 6.0 
4. Stearic acid 0.5 
5. Sulphur 3.5 
6. Accererators (4 various types used) 0.5 
Four types of accelerator were used to compare properties before choosmg 
only one accelerator which is suitable for all the subsequent experiments. 
1. MBT (2-mercaptobenzothiazole) 
Figure 3.4 : Chemical structure Dj MBT 
2. CBS (N-cyclohexylbenzothiazole-2-sulphenamide) 
N H 
'\ I C-S-N 
I 
Figure 3.5 ." Chemical structure ojCBS 
3. TMTM (Tetramethylthiuram disulphide) 
S S 
11 11 
H3C-N-C-S-C-N-CH3 I I 
CHa CHa 
Figure 3.6 ." Chemical structure ojTMTM 
4. ZDMC (Zinc dimethyldithio carbamate) 
S S 
11 11 
H3C-N-C-S-Zn-S-C-N-CH3 
I I 
C~ C~ 
Figure 3.7: Chemical structure ojZDMC 
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From the results in section 4, the formulation was changed to reduce the 
blooming of sulphur. CBS was also chosen due to its suitable scorch time. The 
antioxidant (Santoflex 13, N-(1 ,3-dimethylbutyl-N' -phenyl-p-phenylenediamine)) 
was also added. 
)--NH--{ 
Figure 3.8 : Chemical structure ofSantoflex13 
The new formulation was applied in all NR, SBR and NBR formulation 
with various types and amounts of clay as shown in Table 3.5. 
Table 3.5 : Mixing formulation for NR, SBR, and NBR with various types and 
amounts of filler 
Ingredient Parts by mass (phr) 
1. Raw rubber (NR, SBR, and NBR) 100.0 
2. Fillers (Na, C30B, C20A, CI5A, and NII5) NR with 4 clays (1, 3,5,10,15) 
NR with NII5 (5, 10, 30) 
SBR with 4 clays (5, 10, 20, 30) 
SBR with NII5 (5, 10,30) 
NBR with 4 clays (5, 10, 20, 30) 
NBR with NII5 (5, 10,30) 
3. Zinc oxide 5.0 
4. Stearic acid 1.0 
5. Sulphur 1.5 
6. Accelerator (CBS) 1.5 
7. Antioxidant (Santoflex 13) 0.5 
All samples were prepared with the same curing system. So, they were 
expected to produce similar amounts of mono, di, and polysulphidic links. 
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A hot press was used to cure the rubber composites at a temperature of 
150°C with a. force of 15 tons. Higher temperature may have caused more 
polymer degradation and a decrease in mechanical properties 14. The curing times 
are the t90 value derived from a Monsanto rheometer. 
3.4 Characterization Techniques 
3.4.1 Thermogravimetric analysis (TGA) 
TGA is used to track the weight changes of clay samples during a heating 
process. It also provides information about water content and the amount of 
organic material in the organoclay from the weight loss due to the decomposition 
of the remaining organics 241. It is important to know the stability of the organic 
modifier at the compounding temperature. If the organic modifier degrades, 
decomposition products will reside at the interface and change the surface energy 
balance 91. These measurements were performed with a TA Instruments 2950 
TGA at a heating rate of 5°C/min from 30 to 800°C in a flow of nitrogen. 
3.4.2 Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra were obtained at room temperature at a resolution of 4 cm·1 
with a FTIR (Mattson 3000) spectrometer ranging from 4000 to 400 cm,l. 64 
scans were collected and averaged. Four clays were tested to analyze the structure 
of the clay and the modifier. The specimens were made by adding about 1 % of the 
sample powder to dry KBr (potassium bromide) powder which was then pressed 
into a disc of 13 mm diameter and about 0.5-1 mm thick. 
3.4.3 Wide angle x-ray diffraction (W AXD) 
The specimens produced during the moulding process had a fairly smooth 
surface. These were cut to analyze by XRD with a Philip PW1050 diffractometer 
that was equipped with a CuKct radiation source operated at 40 kV and 40 mA. 
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The scanning speed and the step size were 0.24° Imin and 0.02°, respectively. The 
samples were scanned in the 29 range of 1-25°. 
X-ray diffraction was used to examine the effects of rubber and the amount 
of filler in the gallery spacing of the layered silicate nanocomposites. It is a 
powerful technique to monitor the fonnation and structure of clays because clays 
have ordered lamellar structures 242. The disordered and exfoliated materials do 
not show a peak by XRD. However, no peak does not mean that the composites 
are in the exfoliated state 114.243. The peak position 29 angle, the full width at half 
maximum (FWHM) and the intensity of the 001 peak reflection were analyzed. 
The gallery spacing of the silicate layer was determined from the position 
of the 001 reflection peak by using Bragg's equation 241. 
nA. = 2d sin9 
x x 
Figure 3.9 : Diagram for Bragg refraction 115 
The information about the structure of silicate layers was received from 
monitoring the FWHM and the intensity of the basal reflection. The FWHM 
method is based on the observation that XRD peaks are broadened regularly as a 
function of decreasing particle size. It is a good measure of the distribution of the 
basal reflection peak 178. The intensity provides statistical information about the 
orientational consistency of the layered silicate sheet 241,244. 
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An x-ray coherent domain parallel to thickness was calculated by 
Scherrer's equation 245. 
L 
B,or cos8 
L = coherent domain thickness 
K= constant 
A, = wave length 
B2 -B2 b2 cor- obs - i 
Bobs = experimentally observed width 
bi = The width caused by instrumental effects. 
The L value estimated by Scherrer's equation is markedly smaller than the 
particle size determined by TEM 246. 
All the rubbers had high molecular weights and viscosities so that good 
dispersed mixtures resulted. Unlike low viscosity monomers which can lead to 
settling of the clay particles during polymerization to give inhomogeneous 
samples 62. 
Intensity of x-ray diffraction can be described by the following 
equation 247. 
1(8) = Lp (8)ct>(8)F2 (8) 
Lp(9) is the Lorentz polarization factor, which depends on the distribution 
ofthe scatterers and on geometrical factors. 
ct>(9) is the interference function, which depends on the distance and extent 
of coherency between scattering units. 
F2(9) is the structure factor, which depends on the type of atoms in the unit 
cell. 
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3.4.4 Gel permeation chromatography (GPC) 
GPC were carried out by RAPRA using tetrahydrofuran (THF) as a 
solvent. The rubber samples were added to solvent and left overnight to dissolve. 
The solutions were thoroughly mixed and filtered through a polyamide membrane 
prior to chromatography. The GPC system was calibrated with polystyrene 
calibrants. The results are, therefore, expressed as polystyrene equivalents. 
3.4.5 Swelling and cross link density measurement 
For a swelling test, rectangular cured rubber samples with approximately 
10 mm in length, 10 mm in width, and 2 mm in thickness were cut from a rubber 
sheet. Each sample was weighed and immersed in a separate labelled glass bottle 
containing 50 ml of solvent at room temperature for 14 days. The solvent for NR 
and SBR is toluene, while it is butanone for NBR. There weights were measured 
after 3, 7, 10, and 14 days until the weight waS constant. After 14 days, samples 
were taken out from the solvent and surface blotted up with filter paper to get rid 
of excess solvent, and weighed on a balance. The swelling ratio (R) was 
determined by the following equation 226.248 
R w, -w, 
W, 
R = swelling ratio 
W,= weight of swollen sample 
Wj= initial weight of sample 
Crosslink density is the numbers of moles of effective networks per unit 
volume 211. A crosslinked polymer network cannot dissolve even in its good 
solvents. It will expand or swell. Crosslink density (ve) can be calculated by the 
following Flory-Rehner equation 249. 
(xV/ +In(I-V,)+V,) 
Vo(0.5V, - V,"3) 
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ve = crosslink density (mol/m3) 
X .; interaction parameter between rubber and solvent 
Vr = volume fraction of the rubber in the swollen sample 
Vo= molar volume of the solvent (m3/mol) 
The volume fraction of the rubber in the swollen sample (Vr), after 
correction for the weight fraction of filler, was determined by the following 
equation 249,250, 
v, I 
Pr = density of the rubber (glm3) 
Ps = density of the solvent (glm3) 
fso)= weight fraction of soluble material 
ffil = weight fraction of filler 
Ws= swollen weight (g) 
WD= weight of the dried sample (g) 
The average molecular weight (M) between crosslinks can also be 
calculated by the following equation 249. 
M=P, 
v, 
M = molecular weight between crosslink (glmol) 
pr = density of the rubber (glm3) 
Ve = crosslink density (mol/m3) 
Normally, in order to obtain the correct polymer-interaction parameter (x.), 
a series of vuIcanizates, with a range of solvents have to be tested. Different 
interaction parameters between a rubber and a solvent (X) are found in the 
literature. For example, the NR-toluene system value were found to be 0.42 251, 
65 
and 0.393 213. The SBR-toluene system value was 0.446 252,253. One can use the 
volume fraction in the swollen network (V,) to compare crosslink densities 254 or 
use a calculation from the solubility parameters with the following equation 251 
and Table 3.6 255. 
x = interaction parameter between rubber and solvent 
XS = correction term = 0.30 256 
K = I for non-polar polymer and 2.1 for polar polymer 
Vo = molar volume of the solvent (m3/mol) 
80 = solubility parameter of solvent 
8, = solubility parameter of rubber 
R = universal gas constant = 8.314 JmorlK-1 
T = temperature (K) 
Table 3.6 : Solubility parameters of the rubbers and solvents used in this work 255 
Rubber/Solvent Solubility parameter, 8 (MPa Ill) 
NR 16.6 
SBR (23% styrene) 16.6 
NBR (33% ACN) 20.6 
Toluene 18.2 
Butanone 19.0 
From these data, the calculated interaction parameters of the NR-toluene 
system and the SBR-toluene systems will be 0.41. Meanwhile, the NBR-butanone 
system will have an interaction parameter of 0.39. 
3.4.6 Scanning electron microscopy (SEM) 
Scanning electron microscope (Cambridge Stereoscan 360) studies were 
done in order to understand the role of bonding between filler and rubber, the 
filler dispersion and the failure mechanism. There were two SEM studies. 
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1. To study the dispersion of clays in rubbers, the rubber-clay samples 
were mixed without adding any other additive. These samples were put in liquid 
nitrogen and fractured with a hammer. 
2. To study the fracture mechanism of the rubber samples. The fractured 
surfaces of the tensile test specimens were carefully cut without touching the 
surface. Dissipation of stress during failure produces some features on the fracture 
surface which can be used to observe physico-mechanical properties 257. 
A thin section of the fracture surface was mounted on an aluminium stub. 
They were coated with a thin layer (10-20 nm) of gold in a vacuum evaporator 
prior to examination. SEM photo micrographs were obtained under conventional 
back-scattering electron imaging conditions with an accelerating voltage of 20 kV. 
3.4.7 Transmission electron microscopy (rEM) 
TEM permits the direct observation of the clay structures 114. The silicate 
layers are composed of heavier elements (AI, Si, and 0) than the polymer. 
Because of the large difference in the electron density between them, silicate 
layers will appear darker in the images 182,242. In the study of polymer- layered 
silicate nanocomposites, TEM is important to confirm the results from x-ray 
diffraction whether or not the clay disperses in intercalated or exfoliated forms. 
Some XRD did not show an apparent peak, but TEM revealed non-exfoliated 
layer structure 258. However, TEM only probes a very small volume, which means 
may, or may not, be representative of the total composite. Sample preparation for 
TEM is also difficult. 
A transmission electron microscope (JEOL, JEM-2000F) was used to 
study the dispersion of intercalated and exfoliated layered silicates at an 
accelerating voltage of 200 kV. Low magnification images were taken at 10,000X 
and 50,000X. High magnification images were taken at 200,000X. Taking several 
images of various magnifications is necessary to ensure that the analysis was 
based on a representative region of the sample. 
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3.5 Material properties 
3.5.1 Curing characteristics 
An oscillating disc rheometer (ODR) is a useful tool in monitoring the 
curing characteristics of rubber compounds. A Monsanto oscillating disc 
rheometer (model lOOs) was used to determine the curing characteristics at a test 
frequency of 1.7 Hz, angular displacement of ± 1°, and temperature of ISO'C. 
Figure 3.10 shows a diagram of an oscillating disc rheometer. 
LC.lllbr •• od "'mpero"". 
Vpper .... ·--' 
Figure 3.10 : An oscillating disc rheometer 259 
The modulus from ODR is proportional to the evolving concentration of 
crosslinks 20. The ts2 is defined as the time required for 2 units of torque increase 
above the minimum torque. This value provides a good assessment of the scorch 
safety of the compound 226. The t90 value is the time at 90% of the maximum 
torque. The cure rate index (CRI) can be calculated by the following equation 260. 
CRI 
68 
T max = maximum torque (Nm) 
T min = minimum torque (Nm) 
t90 = optimum cure time (min) 
t2 = scorch time (min) 
The new terms, defined in the following equations, can be used to interpret 
the results 239, 
Tmin,c 77, =--
Tmin,r 
T M=~ 
r Tmaxr 
L=n -M 
'{, , 
T min,c = minimum torque of the rubber composite 
T min,r = minimum torque of the unfilled rubber 
T max,c = maximUm torque of the rubber composite 
T max,r = maximum torque of the unfilled rubber 
T min is related to the compound viscosity, while T max is related to cure 
modulus 239, Normally, T1r > M r, so the L value is a positive number, This is 
because T1r is the ratio of torque at the early state, or uncured state, in which the 
filler aggregates increase viscosity both from the hydrodynamic effect and the 
shielding effect. While Mr is the ratio at the cured state in which the filler 
aggregates might not have as high an effect as in the uncured state because the 
crosslinks play an important role, Increase in mixing energy will decrease L and 
T1r' 
There are three types of curing characteristic as shown in Figure 3,11, 
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Figure 3.11 : Three types of curing characteristic 259 
A plateau torque (Figure 3.11a) indicates good network stability. The 
decrease in torque, or reversion, (Figure 3 .11 b) after maximum indicates chain 
scission. This could happen at a high curing temperature. An increase in torque, or 
marching, (Figure 3 .11 c) occurs in compounds with many polysulphidic linkages. 
After curing, these linkages may break down and change to mono-sulphidic or di-
sulphidic linkages with an increase in the number of crosslinks and in torque 261. 
3.5.2 Mechanical properties 
1. The tensile properties were measured using dumbbell-shaped samples 
according to BS 903-A2:1995 type 2 262. The dimensions of the samples are 
shown in Figure 3.12. 
~--------------7Smm ______________ ~ 
2Jmm 
4_ 12.5 
JIUIl 
Figure 3.12: Dimensions of dumbbell test pieces 262 
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A Universal Testing Machine (HounsfieId) was used at a crosshead speed 
of 500 mmlmin. The strain was measured by using a laser extenso meter to 
measure within the gauge length. The elongation received from laser extensometer 
is an accurate measurement of defonnation in relatively soft materials. The 
elongation derived from grip separation is not accurate because the change in grip 
separation results from non-unifonn strain distribution throughout the sample, and 
slippage may occur between the sample and the grips 263. The values reported are 
averages of the results for tests run on at least 4 specimens. Standard deviations 
were calculated. 
2. The tear strength testing was perfonned using the same tensometer. 
Trousers tear tests were carried out at room temperature at a cross head speed of 
100 mmlmin according to standard BS 903-A3:1995 264. Test pieces were cut 
from the vulcanized sheets in rectangular strip shapes with the sizes shown in 
Figure 3.13. 
30 ...... 
Figure 3.13 " Dimension of tear test piece 264 
The trouser test piece was used because it is not sensitive to the length of 
the cut and the nick has not been very closely controlled as in the other tests 
(angle test piece, crescent test piece) 264. Figure 3.14 shows trouser tear test 
configuration. 
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t 
Figure 3.14 " Trouser tear test 50 
3. Hardness of the cured samples were measured using a Shore A 
durometer. The cylindrical test pieces with a diameter of 29 mm and a thickness 
of 12.5 mm were used. Three different positions on the sample were tested and 
recorded by reading within 15 seconds of indentation. 
4. Fatigue testing was perfonned using a Hampden dynamic testing 
machine with a uniaxial tension mode and at a frequency of 110 cycles/min or 
1.83 Hz. Dumbbell test pieces of the same size as the tensile test pieces were used. 
The strain was measured on the central portion of the test piece. The maximum 
elongation is 100%. The test piece was released to zero strain on each cycle. Four 
samples of the same batch were tested at the same time. The fatigue life, or the 
numbers of cycle before break, were recorded. The average values with standard 
deviation are reported. 
5. Dynamic mechanical properties of cured rubber samples were measured 
by a dynamic mechanical thennal analyzer (DMA 2980, TA Instruments Inc.) at a 
fixed frequency of 10Hz with 3°C/min heating rate using liquid nitrogen for the 
sub-ambient region. Using a rate of 3°C/min is a good compromise between 
experimental speed and temperature accuracy and precision. Defonnation was 10 
/lm and the temperature was scanned from -80°C to 80°C. Dynamic moduli and 
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loss factors were obtained in the tension mode for the sample size about 30x5x2 
mm that were cut from compression moulded sheets. Rubber is one of the difficult 
samples to run in DMTA because the rubber modulus is very low 43. The factors 
affecting the analysis are thermal lag, scanning rate, geometry of the chamber, 
sample size, position, stiffness, and heat conductivity. With increasing frequency, 
the loss process is found at higher temperature, where the molecular motion is 
faster 265. The relaxation process in the rubber nanocomposites as seen from 
DMTA were studied further by a modulated differential scanning calorimeter (TA 
Instruments 2920). Oscillation amplitude of 0.80°C and an oscillation period of 60 
seconds with a heating rate of 3°C/min were performed. 
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4. RESULTS AND DISCUSSION 
4.1 Characteristics of clay and modified clays 
4.1.1 TGA of clay and modified clays 
TGA analysis was performed on all clays to determine the water and 
organic contents in tbe clays. Figure 4. 1 and Figure 4.2 display the TGA 
thermograms showing percent weight loss, and the derivatives of weight loss of 
Na, C308, C20A and C I5A clays, respectively. 
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Figure 4.1 .- Percent weight loss of No, C30B, C20A and CJ5A clays 
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Figure 4.2 : Derivative of percent weight loss of Na, C30B, C20A and C 15A clays 
A slow mass loss in Na clay occurred over the temperature range 2S-
480°C. The low percentage mass loss at ISO°C is from the loss of inter-particle 
water. The amount of weakly bound water wh ich was released below 150°C was 
higher in Na c lay (2.30%) thall in C ISA ( 1.26%), C30B (1.10%), and C20A 
(0.46%), respectively. Na clay contains Na cations which can bind with water 
which results in the highest water content. The modifier in C30B contains two 
hydroxyl groups on each ammonium cation. So, water can interact with them and 
this results in a higher water content than for C20A. Interestingly, C IS is the most 
hydrophobic clay, but it shows a higher water content than either C30B or C20A . 
This could be because tbe excess ammonium cations of the C ISA clay interact 
with water. 
The mass loss ill the 150-S00°C range is related to the pyrolysis and 
oxidation of the organic content 13] In the case of C30B, shown ill Figure 4.2, 
there are two mass loss events due to the decomposition of the alky lammonium 
moieti es peaking at about 260 and 390°C. The organic modifier was not 
completely oxidized to volatile products at 260°C and a residue remained which 
further ox id ized at about 390°C. The shape of the TGA trace has steps which 
might correspond to the loss of modi fier near the edges of silicates layers and 
7S 
another one from loss inside the galleries. C20A has a modifier concentration of 
9S meqllOOg, or the modifier exchanged with Na clay (92.6 meq/ IOOg) at about 
stoichiometric cation exchange, but CISA is an over-exchanged clay having an 
excess amine content within, and outs ide, the ga lleries. It is reported that the early 
stages of the exchange reaction lead to a more thermally stable situation than 
those adsorbed in the end phase 9 1 The organic loadings determined over ISO-
SOO°C range were 23.67% for C30B, 2S.89% for C20A, and 37.S3% for C ISA 
clay. 
Mass loss over the 460 to 700"C temperature range is due to the clay 
dehydroxylation and to lattice co llapse 266 The total mass loss is due to 
physisorbed water, a lky lammonium modifier degradation and to dehydroxylation 
of the mineral. The total weight loss was 11 .93% for Na clay, 28.67% for C30B, 
31 .6S% for C20A and 42.21 % for CISA clay. 
4.1.2 FTI R spectroscopy of the clays 
The infra-red spectra ofNa, C30B, C20A, and C ISA clays are shown in 
Figure 4.3. To be ab le to clarify clearer, each spectrum was divided in two 
wavenumber ranges as shown in Figure 4.4 and Figure 4.S. 
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Figure 4.3 .' Infra-red spectra of Na, C30B, C20A, and C 15A clays 
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Figure 4.4 : Infra-red spectra of the 4 clays in the range /800-4000 cm·1 
The strong sharp band at 3630 cm' ] is the stretch ing mode of the OH 
groups of the si licate 2]9,267. The broad bands wi th centre at about 3450 cm' ] in the 
Na, C20A, and C l 5A clays are the stretching mode of water molecules in the 
interlayers 267, 268. C30B has a high broad band at about 3360 cm'] because the 
modifier in C30B contains two OH groups. The shoulder at 2950 cm-] ari ses from 
CH3 group connected to ammonium cation. Two strong sharp peaks at 2920 and 
2850 cm-] are the al iphatic absorption bands of methylene (CH2) in the 
asymmetric and symmetric stretching modes, respectively 80, 2]3, 267 The small 
double bands at 2360 and 2340 cm-] are due to CO2 from the air 
environment ]2] ,269. 
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Figure 4.5 : Infra-red spectra of the 4 clays in the range 400-1800 cm-' 
There is a weak band at 1630 cm-I corresponded to the bending mode of 
. I 167 213 267 270 Th b d 1467 -I . fr h . Inter ayer water . . . . e an at cm anses om t e ammOnium 
sa lt. A shoulder at about 1120 cm-I is a result of stretching of Si-O bands. The 
peak at 1047 cm-I is also a Si-O stretching mode. Two peaks at 9 18 and 883 cm-I 
are due to stretching of AI-OH bonds. The stretching of AI(Mg)-O- bands are 
shown by peaks at 845 and 800 cm-I. Finally, two peaks at 522 and 463 cm-I 
corresponded to the stretching of AI(Mg)-O-Si 121. 
4.1.3 XRD ofthe clay and the modified clays 
Na clay modified, as part of the project, by adding octadecylamine showed 
an increase in dool . See Figure 4.6. 
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Figure 4.6 : XRD diffraction patterns oJthe No clay and the intercalating 
modified clay 
Octadecylamine has the chemical structure shown in Figure 4.7 
H H H H H H H H H 
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Figure 4.7: Chemical structure oJ octadecylamine 
The result clearly indicated that the interlayer di stance increased 
significantly. This means that the cation exchange process to modify Na clay into 
an organoclay was effective. The alkylammonium ion exchange converts the 
hydrophilic interior clay surfaces to hydrophobic ones and also increases the layer 
distance. As thi s modifier has only one long hydrocarbon chain, one could study 
the relation between the chain length, interlayer spacing, and molecular 
arrangement. T he distance between carbon-carbon atoms in this chain is about 
0.125 nm 67 So, the length of the octadecyl sequence is 0.125x 17 = 2. 125 nl11. The 
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interlayer distance of modified clay is 2.06 - 0.96 = 1.10 nm. It means that the 
octadecylamine must tilt in the clay interlayers at an angle of about 3 1.2° 
(9 = sin-I ( I.1 0/2.125)). See Figure 4.8. 
Figure 4.8 : Octadecylamine tilt in the clay interlayer 
The C30B, C20A, C20A, and C 15A commercial clays are organoclays 
modified by ammonium salts with two long chains as shown details in the 
chapter 3. The x-ray diffraction patterns of these clays are shown in Figure 4.9. 
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Figllre 4.9 : XRD diffraction patterns olNa, C30B, C20A, and CJ5A clay 
The pos ition and profile at 29 = 19.8° of all the clays did not change. Th.i s 
indicates that the characteristic a, b latt ice parameters remain the same 90. This 
means the modification process did not affect the structure of the clays. For Na 
clay, dool is 1.1 2 nm. The silicate layer thickness is about 0.96 nm making the 
distance between silicate layers 1.12 - 0.96 = 0.16 nm. The dool va lues for C30B, 
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C20A, and C ISA are 1.81 , 2.31 and 3.27 nm, respectively. Na clay shows only 
one clear dool peak (1. 12 nm), whi le C30B shows peaks at 1.81 and 0.92 nm, 
C20A shows peaks at 2.31 and 1.2 1 nrn, and C ISA shows peaks at 3.27, 2.08, and 
1.22 nm. The basa l reflections of both C30B and C20A indicated a harmonic 
series of dool, doo2, etc. The other reflections (doo3, do04, .. . etc) are very weak and 
difficult to see. For the C ISA clay, the basa l reflections do not form a harmonic 
series. This can be exp lained by a mixed layering in the clay. Th is generates 
uncertainty in the interlayer spacing. 
4.2 XRD results for the rubber - clay composites 
4.2.1 Natural rubber (NR) clay composites 
By mixing Na, C30B, C20A, and C ISA clays with natural rubber, as 
explained in chapter 2, a series of compounds was prepared. The compounds at 
loadings of 0, 3, S and 10 wt % were analyzed by the XRD method . Figures 4. 10, 
4.11 , 4. 12 and 4. 13 show the x-ray diffraction patterns of Na, C30B, C20A and 
C ISA composites, respectively. 
--NR 
1100 NR+Na 3% 
1000 NR+Na 5% 
NR+Na10% 
900 Na clay 
800 
~ 
r, $ 700 c " 0 600 ~ :i!' 500 
'iii I \ c 
~ 400 ~ I J/~ c \ 300 
200 ~ '-~ 
100 
0 
2 4 6 8 10 12 14 16 18 20 22 24 
20 ( 0) 
Figure 4.10 : XRD diffraction patterns a/No clay-NR composites 
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Fig ure 4.11 : XRD diffraction patterns o/C30B clay-NR composites 
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Fig ure 4.12 : XRD diffraction pal/erns o/C20A clay-NR composites 
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Figure 4.13 : XRD diffraction patterns ofe/5A clay-NR composites 
4.2.2 Styrene-butadiene rubber (SBR) clay composites 
The diffraction patterns of SBR with Na, C30B, C20A and C 15A c lays at 
0,5 and 10 wt % are shown in Figures 4.14, 4. 15, 4.16 and 4.17, respectively. 
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Figure 4.14 : XRD diffraction patterns of Na c/ay-SBR composites 
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Figure 4. / 5 : XRD diffraction patterns ofC30B clay-SBR composites 
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Fig ure 4./6 : XRD diffraction patterns of C20A c/ay-SBR composites 
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Figure 4.17 : XRD diffraction patterns ofe 15A clay-SBR composites 
4.2.3 Acrylonitrile-butadienc rubber (N BR) clay composites 
The diffraction patterns ofNBR with the Na, C30B, C20A and C 15A clays 
at 0,5 and 10 wt % are shown in Figures 4.18, 4. 19, 4.20 and 4.21, respective ly. 
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Figure 4.18 : XRD diffraction patterns of Na clay-NBR composiles 
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Figure 4.19 . XRD diffraction patterns ojC30B ciay-NBR composites 
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Figure 4.20 : XRD diffraction patterns ojC20A ciay-NBR composites 
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Figure 4.21 : XRD diffraction patterns ale 15A c/ay-NBR composites 
As NR, SBR, and N BR are amorphous polymers, they do not show any 
peaks in the 2e region between 1- 10· . Hence, the peaks in the d iffract ion pattern 
are from the clay alone. 
All of the rubber composites mixed with C20A and C I5A show higher 
order peaks (doo2 and doOJ). This indicates that the rubber molecules do not totally 
disrupt the layer structure of the sil icate crystallites. In the cases ofNa and C30B-
rubber nanocomposites, they do not show the harmonic peaks, but show only doo l 
with low intensity. This may due to the fact that the doo2 and doo3 intensities are 
very weak compared to dool and can not be seen separately from the amorphous 
scattering pattern of the rubber. 
Strong di ffraction peaks were found with all the C20A and C l 5A rubber 
nanocomposites. These reflected coherent stacking of the clay platelets and a 
highly ordered structure. 
87 
From all the x-ray diffraction resulls, the data were calculated and 
sllmmarized in Tables 4.1, 4.2 and 4.3 for the NR, SBR and NBR systems, 
respectively. The interl ayer spacing was calculated using Bragg's equation. The 
crystallite thickness was estimated from the full width at half maximum of the 
XRD peaks using Scherrer's equation. 
Ta ble 4.1 : Summary of the W AXD results for the NR-composites 
Compound Peak 001 doo l Integrated Full width Crysta llite 
(28,degrees) (nm) intensity of at half thickness 
001 peak max imum (nm) 
(counts) (28,degrees) 
Na clay 7.88 1.1 2 688 2.676 1.9 
NR+Na 3% 6.36 1.39 315 1.439 6.0 
5% 6.26 1.4 1 563 1.478 4.1 
10% 6.20 1.43 929 1.482 4.1 
C30B clay 4.88 1.81 1538 1.235 5. 1 
NR+C30B 3% 6. 10 1.45 349 1.082 6.0 
5% 6.08 1.45 594 1. 142 5.6 
10% 6. 10 1.45 1242 1.32 1 4.7 
C20A clay 3.82 2.3 1 2429 1.659 3.6 
NR+C20A 3% 2.04 4.33 1085 0.708 9.6 
5% 2.12 4.17 1939 0.789 8.6 
10% 2.24 3.94 2900 0.783 8.6 
C15A clay 2.70 3.27 2987 1.456 4.2 
NR+C I5A 3% 2.06 4.29 1029 0.622 1 1.1 
5% 2.1 6 4.09 2694 0.769 8.8 
10% 2.28 3.88 3908 0.691 9.9 
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Table 4.2 : Summary of the W AXD results fo r the SBR-composites 
Compound Peak 00 I dool Integrated Full width Crystallite 
(20, (nm) intensity of at half thickness 
degrees) 00 1 peak max imum (Im1) 
(counts) (20,degrees) 
Na clay 7.88 1.1 2 688 2.676 1.9 
SBR+Na 5% 6. 10 1.45 629 1.545 3.9 
10% 6.28 1.41 9 12 1.659 3.6 
C30B clay 4.88 1.81 1538 1.235 5. 1 
SBR+C30B 5% 6. 14 1.44 10 14 1.235 5. 1 
10% 6. 16 1.44 1267 1.243 5. 1 
C20A clay 3.82 2.3 1 2429 1.659 3.6 
SBR+C20A 5% 2. 18 4.05 979 0.600 11.5 
10% 2.20 4.0 1 2823 0.6 14 11.2 
CISA clay 2.70 3.27 2987 1.456 4.2 
SBR+C I5A 5% 2. 10 4.21 1579 0.55 1 12.6 
10% 2.1 2 4.1 7 241 9 0.560 12.4 
Table 4.3 : Summary of the WAXD resul ts fo r the NBR-composi tes 
Compound Peak 00 1 doo l Integrated Full width Crysta ll i te 
(29, (nm) intensi ty of at half th ickness 
degrees) 00 1 peak maxi mum (nm) 
(counts) (20,degrees) 
Na clay 7.88 1.1 2 688 2.676 1.9 
NBR+Na 5% 6. 10 1.45 626 1.275 5.0 
10% 6.06 1.46 1026 1.427 4.3 
C30B clay 4.88 1.8 1 1538 1.235 5.1 
NBR+C3 0B 5% 6.08 1.45 422 1.207 5.3 
10% 6.06 1.46 841 1.265 5.0 
C20A clay 3.82 2.3 1 2429 1.659 3.6 
NBR+C20A 5% 2. 18 4.05 928 0.704 9.7 
10% 2.26 3.9 1 2737 0.632 10.9 
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Table 4.3 : Summary of the WAXD results for the NBR-composites (cont.) 
Compound Peak 00 1 doo t Integrated Ful l width Crystall i te 
(20, (nm) intensity of at half thickness 
degrees) 001 peak max Im um (nm) 
(counts) (20,degrees) 
C 1SA clay 2.70 3.27 2987 1.456 4.2 
NBR+C I5A 5% 2.26 3.9 1 82 1 0.636 10.8 
10% 2.24 3.94 2583 0.572 12. 1 
All rubbers mixed with Na clay showed an increase in the interlayer 
spacing. However, Na clay, or natural clay, is known to be hydrophilic 93 and can 
adsorb water easil y. To check whether or not rubbers can intercalate into Na clay, 
saturated or wet Na clay, Na clay with curing agents and careful ly dried NBR+Na 
clay at 10% were prepared and tested by the x-ray d i ffracti on. Wet Na clay was 
prepared by leaving Na clay in a wet atmosphere for 3 days as shown in Figure 
4.22. 
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• .,. 
// / // / 
Water Water 
// Na clay // 
Figure 4.22 : Methodfor preparing wet No clay 
Na clay and curing agents were prepared by mixing and stirring in toluene 
for I day. Then, it was dried to remove toluene at 80°C for 3 days. The XRD 
results are shown in Figure 4.23. To dry BR- a clay at 10 wt %, the sample was 
prepared by pUlling in the oven at 80°C for 3 days. Then, the sample was removed 
and stored in a closed glass bottle with desiccant before XRD testing. The XRD 
resul ts are shown in Figure 4 .24 
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Figure 4.23 indicates that water and curing agents can intercalate and 
increase the in terlayer spacing from 1.1 2 nm to 1.25 and 1.2 1 nm, respectively. 
91 
However, the interlayer spacings ofNR, SBR, and NBR mixed with Na clay were 
about 1.39 - 1.46 nm. This means that some rubber molecules do intercalate into 
the Na clay. Figure 4.24 also shows that the removal of water from NBR+Na clay 
does not change the interlayer spacing. 
Figure 4.25 shows the interlayer spacing of rubber-Na clay systems from 
data in Tables 4.1, 4.2 and 4.3. This can be seen that the interlayer spacing of all 
rubber-Na clay systems are almost the same. 
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Figure 4.25 " Interlayer spacings a/the Na clay-rubber composites 
The peaks in the NR, SBR, and NBR-C30B system (Figures 4.11, 4.15 
and 4.19) are separated into two peaks. The smaller peak is at the same position as 
the C30B clay, but the higher peak appears to have shifted towards higher 
diffraction angles, or smaller interlayer spacings of about the Na clay-rubber 
system shown in Figure 4.26. From TGA results in section 4.1.1, at the moulding 
temperature of 150'C, it is believed that such a collapse does not come from 
thermal degradation of the organic modifier. C30B clay has active O-H groups 
which can react with the accelerator in the rubber curing system 206. The reaction 
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may remove some of the modifiers, thus changing some of C30B clay to Na clay 
again. 
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Figure 4.26 : Interlayer spacings o/the C30B clay-rubber composites 
Figures 4.27 and 4.28 show the interlayer spacings of C20A and C15A 
clays mixed with the three rubbers. 
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Figure 4.27: Interlayer spacings o/the C20A clay-rubber composites 
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Figure 4.28,' Interlayer spacings o/the C15A clay-rubber composites 
C15A has the same organic modifier, but at a higher concentration than 
C20A. Even though the initial interlayer spacing of C 15A is higher than C20A, all 
the rubber composites prepared from C20A and C15A show almost the same 
interlayer spacing. 
From Figures 4.25 to 4.28, it looks like that the intercalated 
nanocomposites have constant d spacing, regardless of the amount of polymer 
introduced. This could be the result of the thermodynamics of intercalation which 
is an enthalpically driven process limited by the entropic penalty for polymer 
confinement. These results indicate a maximum limit to the amount of intercalated 
polymer. The small variations in the d spacing could be due to differences in the 
arrangement of the chains. Styrene groups of SBR are bigger than methyl groups 
in NR and nitrile groups in NBR. 
The polymer-clay ratio (t) at saturation of the modified clay surface can be 
used to estimate the critical concentration which is the maximum amount of 
polymer in the silicate layer. 
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f = polymer clay ratio 
mp = mass of polymer (g) 
mclay = mass of clay (g) 
Pp= density of polymer (g/ml) 
de= gallery height of the intercalated nanocomposites (m) 
delay= initial gallery spacing of clay (m) 
Selay= surface area of clay (m2/g) (= 700 m2/g for MMT) 
The polymer-clay ratios for NR, SBR and NBR mixed with C20A and 
CI5A clays were calculated and are shown in Table 4.4. 
Table 4.4: Polymer-clay ratios for NR, SBR and NBR with C20A and CI5A 
clays 
Composites dc-delay (nm) Polymer-clay ratio (t) 
NR+C20A5% 1.86 1.20 
10% 1.63 1.05 
NR+CI5A 5% 0.82 0.53 
10% 0.61 0.39 
SBR+C20A 5% 1.74 1.14 
10% 1.70 1.12 
SBR+CI5A 5% 0.94 0.62 
10% 0.90 0.59 
NBR+C20A 5% 1.74 1.19 
10% 1.60 1.10 
NBR+CI5A 5% 0.64 0.44 
10% 0.67 0.46 
The results show that C20A-rubber nanocomposites have higher amounts 
of rubber between the silicate layers than Cl SA-rubber nanocomposites. CI5A 
clay has the highest initial interlayer distance. However, it has a lower intercalated 
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capacity volume than C20A clay. This may cause some better properties for the 
C20A systems than for the Cl5A ones. 
The crystalline thicknesses calculated by Scherrer's equation shown in 
Tables 4.1 to 4.3 are coherent scattering domains, which are only parts of larger 
entities, the particles seen by TEM 271. They are not a measurement of the size of 
the clay aggregates 139. Those values are higher in the C20A and C15A clay 
systems than in the Na and C30B clay systems. 
The increase in the number of reflections (high intensity) and the decrease 
in the full width at half maximum (FWHM) of the C20A and C15A systems could 
result from the increasing order of the host layers and by stretching the polymer 
chains. Increasing ordering and stretching will increase the number of rubber-clay 
interactions in the contact area. As the polymer diffuses through the favourable 
galleries, the polymer will increase the contact between the two layers and they 
can act like a glue to bring two silicate layers together and lead to a highly 
intercalated rather than an exfoliated structure. Too strong rubber-organically 
modified silicate layer interactions may also increase the friction associated with 
rubber transport within the interlayer and slow the intercalation process. 
Since the intensity of x-ray diffraction is a function of angle (9) and filler 
loading, comparison between different angles (different clays) and different 
loadings is not reasonable. Fortunately, the different rubbers with the same clay 
have peaks almost at the same angle. Therefore, the effect of rubber can be 
studied. Table 4.5 compares the intensity area of peak 001 for NR, SBR, and NBR 
systems. 
Table 4.5 : Comparison the area of peak 00 I for various rubbers and clays 
Rubber Naclay C30B C20A C15A 
5% 10% 5% 10% 5% 10% 5% 10% 
NR 563 929 594 1242 1939 2900 2694 3908 
SBR 629 912 1014 1267 979 2823 1579 2419 
NBR 626 1026 422 841 928 2737 821 2583 
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W AXD does not detect exfoliated silicates and intercalated silicates with 
interlayer distances bigger than 10 run 73. If we assume that the integrated peak 
area is derived from intercalated and exfoliated structures, the lower the area, the 
higher is the amount of exfoliated clay. From Table 4.S, there is not much 
difference for Na clay with any rubber. For C30B, NBR has the highest 
exfoliation. C30B contains two hydroxyethyl groups. The driving force of the 
intercalation, or exfoliation could come from the polar interaction between the 
nitrile groups in NBR and hydroxyl groups connected to the ammonium cations. 
For C20A, SBR and NBR are comparable in the amount of exfoliation. Although 
styrene groups of SBR are hydrophobic, it still interacts more favourably than the 
methyl groups ofNR. Therefore, SBR systems have higher amounts of exfoliation 
than NR systems. For CISA, at low amount, NBR has the highest exfoliation, but 
almost the same with SBR for high clay loading. NR shows the lowest exfoliation 
in both C20A and CISA. 
4.3 Curing properties 
The Monsanto oscillating disk rheometer (ODR) is widely used for 
measuring the rate and state of cure. The cure behaviour of the rubber composites 
can be examined in terms of cure rate, scorch time, compound viscosity and 
compound modulus. The cure meter curve is used to determine scorch and 
optimum cure conditions in compound development and quality control 239. 
Figure 4.29 shows an example of a Monsanto rheometer cure curve. The 
minimum torque (Tmin) and the maximum torque (Tmax) are defined. Tmin is a 
measure of compound viscosity, while T max is a measure of the modulus. 
~ 
~ I~o I ., 5-~ E-< T_ T-I t ! I 
n-(.w.> 
Figure 4.29 .' Diagram of a Monsanto rheograph with definitions 259 
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The cure curve can also provide the scorch time (t2) and optimum cure 
time (t90). The scorch time is the time at which the first symptoms of crosslinking 
happen. While t90 is the time in minutes to reach 90% of torque increase and can 
use as an optimum cure time. 
Many equations have been developed for the relative torques obtained 
from a Monsanto rheograph as already mentioned in chapter 3. The term cure rate 
index (CRI) and the other terms, Tjr, Mr, and L are defined. 
The Monsanto results of the natural rubber composites with different 
accelerators cured at ISO °C are shown in Table 4.6. 
Table 4.6 : Monsanto data for the natural rubber composites with different 
accelerators and clays 
Mix Rubber Accel. Filler Filler Scorch Cure Min. 
no. content safety time torque 
(phr) t2 t90(min) (Nm) 
(min) 
1 NR MBT 
- -
3.36 25.35 13.55 
2 Na 5 2.59 27.53 13.34 
3 C30 5 1.59 41.59 15.57 
4 C20 5 1.19 25.30 14.96 
5 CI5 5 1.12 18.43 13.95 
6 CBS - - 7.15 17.26 11.73 
7 Na 5 8.41 19.49 13.55 
8 C30 5 4.01 20.38 13.95 
9 C20 5 2.19 18.18 13.75 
10 C15 5 1.27 17.18 12.64 
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Max. 
torque 
(Nm) 
44.38 
44.99 
51.96 
60.55 
67.13 
60.86 
61.26 
63.69 
73.19 
76.43 
Table 4.6 : Monsanto data for the natural rubber composites with different 
accelerators and clays (cont.) 
Mix Rubber Accel. Filler Filler Scorch Cure Min. Max. 
no. content safety time torque torque 
(phr) t2 t90(min) (Nm) (Nm) 
(min) 
11 TMTM - - 4.47 7.55 11.93 70.77 
12 Na 5 3.40 7.13 13.24 67.33 
13 C30 5 2.14 6.25 15.06 78.75 
14 C20 5 2.42 7.34 12.33 87.04 
15 C15 5 2.16 7.35 11.52 89.06 
16 ZDMC - - 1.10 5.39 15.06 66.01 
17 Na 5 1.14 5.44 16.38 62.37 
18 C30 5 0.47 7.43 18.60 64.50 
19 C20 5 0.36 9.00 17.89 79.46 
20 C15 5 0.42 8.55 16.17 83.50 
The CBS curing system was chosen for subsequent use because it provided 
a high scorch time. The curing time of MBT system was very long. Meanwhile, 
the ZDMC system has the lowest scorch time. 
From Table 4.6, the calculated values for 11" M, and L values are shown in 
Table 4.7. 
Table 4.7: 11" M, and L values for the NR-composites with different 
accelerators and clays 
no Accel. Filler phr AT tWt2 CRI 11, 
(Nm) (min) (min·l) 
1 MBT - - 30.83 21.99 1.40 1.00 
2 Na 5 31.65 24.94 1.27 0.99 
3 C30 5 36.39 40.00 0.91 1.15 
4 C20 5 45.59 24.11 1.89 1.10 
5 C15 5 53.18 17.31 3.07 1.03 
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M, L 
1.00 0 
1.01 -0.02 
1.17 -0.02 
1.36 -0.26 
1.51 -0.48 
Table 4.7 : 11r, Mr and L values for the NR-composites with different 
accelerators and clays (cont.) 
no Accel. Filler phr ~T t90-t2 CRI 11r 
(Nm) (min) (min- I ) 
6 CBS 
- -
49.13 ID-1I 4.86 1.00 
7 Na 5 47.71 11.08 4.31 1.16 
8 C30 5 49.74 16.37 3.04 1.19 
9 C20 5 59.44 15.99 3.72 1.17 
10 CI5 5 63.79 15.91 4.01 1.08 
1I TMTM - - 58.84 3.08 19.10 1.00 
12 Na 5 54.09 3.73 14.50 1.11 
13 C30 5 63.69 4.1I 15.50 1.26 
14 C20 5 74.71 4.92 15.18 1.03 
IS CI5 5 77.54 5.19 14.94 0.97 
16 ZDMC - - 50.95 4.29 11.88 1.00 
17 Na 5 45.99 4.30 10.70 1.09 
18 C30 5 45.90 6.96 6.59 1.24 
19 C20 5 61.57 8.64 7.13 1.19 
20 CI5 5 67.33 8.13 8.28 1.07 
Mr L 
1.00 0 
1.01 0.15 
1.05 0.14 
1.20 -0.03 
1.26 -0.18 
1.00 0 
0_95 0.16 
1.11 0.15 
1.23 -0.02 
1.26 -0.29 
1.00 0 
0.95 0.14 
0.98 0.26 
1.20 -0.01 
1.27 -0.20 
From Table 4.7, T]r increases from unfilled NR to Na, C30B clay-systems 
and then decreases for the C20A and CI5A clay systems. An increase is due to a 
rise in viscosity of the compounds caused by the clays. However, C20A and CI5A 
clays have organic modifier that can act as a plasticizer. So, the viscosity of the 
C20A- and Cl5A-compounds decrease. Meanwhile, Mr increases due to an 
increase in crosslink density which can be seen in section 4.4. A decrease in T]r 
combined with an increase in Mr causes the reduction in the L value. 
NR with the CBS curing system and semi-EV formulation were prepared. 
The results are shown in Tables 4.8. 
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Table 4.8 : Monsanto data for the natural rubber composites with different fillers 
prepared by semi-EV system 
Mix Rubber Ace. Filler Filler Scorch Cure Min. Max. 
no. content safety time torque torque 
(phr) t2 (min) t9o(min) (Nm) (Nm) 
I NR CBS - - 14.30 20.57 9.70 65.41 
2 Na 1 15.00 20.19 9.50 63.89 
3 3 15.28 20.22 9.50 63.89 
4 5 15.25 20.07 9.70 63.39 
5 10 14.42 20.35 10.31 65.41 
6 15 14.46 20.50 10.41 64.30 
7 C30 1 8.13 12.21 9.91 63.89 
8 3 5.52 9.21 10.41 62.07 
9 5 5.03 8.56 11.02 62.27 
10 10 4.23 8.22 13.14 62.27 
11 15 3.46 7.49 14.56 59.85 
12 C20 1 6.43 lQ.43 9.81 63.18 
13 3 4.08 8.51 10.21 61.87 
14 5 3.24 7.47 10.72 58.74 
15 10 2.50 7.12 12.03 53.88 
16 15 2.24 7.19 12.74 54.19 
17 C15 1 6.05 11.32 10.01 65.91 
18 3 3.11 7.32 9.91 61.46 
19 5 2.34 6.57 10.11 58.03 
20 10 2.20 6.38 10.92 52.57 
21 15 2.01 7.17 11.63 51.46 
22 NH5 5 7.34 13.07 8.66 63.80 
23 10 6.37 11.22 9.04 65.94 
24 30 5.25 9.52 12.64 79.07 
From Table 4.8, the calculations for 11" M, and L values are shown in 
Table 4.9. 
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Table 4.9 : 11r, Mr and L values for the NR-composites with different fillers 
no Rubber Filler phr ~T tWt2 CRI 11r Mr L 
(Nm) (min) (min· l ) 
1 NR 
- -
55.71 6.27 8.89 1.00 1.00 0 
2 Na 1 54.39 5.19 10.48 0.98 0.98 0 
3 3 54.39 4.94 11.01 0.98 0.98 0 
4 5 53.69 4.82 11.14 1.00 0.97 0.03 
5 10 55.10 5.93 9.29 1.06 1.00 0.06 
6 15 53.89 6.04 8.92 1.07 0.98 0.09 
7 C30 1 53.98 4.08 13.23 1.02 0.98 0.04 
8 3 51.66 3.69 14.00 1.07 0.95 0.12 
9 5 51.25 3.53 14.52 1.14 0.95 0.19 
10 10 49.13 3.99 12.31 1.36 0.95 0.41 
11 15 45.29 4.03 11.24 1.50 0.92 0.58 
12 C20 1 53.37 4.00 13.34 1.01 0.97 0.04 
13 3 51.66 4.43 11.66 1.05 0.95 0.10 
14 5 48.02 4.23 11.35 1.11 0.90 0.21 
15 10 41.85 4.62 9.06 1.24 0.82 0.42 
16 15 41.45 4.95 8.37 1.31 0.83 0.48 
17 CIS 1 55.90 5.27 10.61 1.03 1.01 0.02 
18 3 51.55 4.21 12.24 1.02 0.94 0.08 
19 5 47.92 4.23 11.33 1.04 0.89 0.15 
20 10 41.65 4.18 9.96 1.13 0.80 0.33 
21 15 39.83 5.16 7.72 1.20 0.79 0.41 
22 NHS 5 55.14 5.73 9.62 0.89 0.98 -0.09 
23 10 56.90 4.85 11.73 0.93 1.01 -0.08 
24 30 66.43 4.27 15.56 1.30 1.21 0.09 
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Figure 4.32 .' L values (L = 77,- M,) for the NR composites with various 
clays and loadings 
From Figure 4.30, the va lue of 1'], for the NR clay nanocomposites 
increases as the loading increases. The value for the C30B system is the highest 
followed by the C20A, C 15A and Na clay systems, respectively, at the same 
loading. The 1'], value was calculated at an early state, or uncured state (minimum 
torque value). Thus, it indicates the viscosity of the composites . The viscos ity 
depends on the hydrodynamic effect and fi ller-filler interaction 32 C30B clay has 
two active groups (OH). So, the high value of 1'], may be due to a high degree of 
fi ller-filler interaction. The C 15A clay has an excess modifier (alkyamrnonium 
with two long alkyl chains) content. This modifier can act as a plasticizer and 
reduce the viscos ity of the composites. Hence, 1'] , is lower than for C20A clay. The 
relative maximum torque M, in Figure 4.3 1 calcu lated for cured state (maximum 
torque value) and is related to the modulus of the composites. C20A clay is more 
compatible with NR than the C30B and Na clays. Th is will increase the 
interaction between rubber and clay, thus increasing M,. The excess modifier in 
the C 15A c lay may still cause a reduction in modulus. The L value, ca lcu lated 
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from 11, and M" is shown in Figure 4.32. It should be dependent on how the fill er 
is di spersed in the rubber and an interacti on of rubber and filler 239. Na clay has 
the lowest L value because its lowest '1, value. The 1" va lue depends on the 
hydrodynamic effect which is related to vo lume fracti on and shape facter of filler. 
Organoclays (C30B, C20A and C 15A) di sperse better in NR than a clay. Thus 
they provide larger surface area and hence higher hydrod ynamic effect (hi gher 1" 
value). L value of 11 5-NR composites is lower than that of all clays. This means 
that carbon black (N lI S) is di spersed better than the clays in NR. 
The Monsanto results for the styrene-butadiene rubber (S BR) compos ites 
with different fill ers are shown in Table 4. 10. 
Table 4.10 : Monsanto data for the styrene-butadiene rubber (SBR) composites 
with different fillers prepared by semi-EV system 
Mix Rubber Acc. Fi ll er Fi ll er Scorch Cure Min . Max . 
no. content safety time torque torque 
(phr) 12 (min) t90(min) (Nm) (Nm) 
I SBR CBS - - 20.08 35.37 9.60 64.09 
2 Na 5 24.07 41.39 10.2 1 63.39 
, 10 23.38 45.00 10.6 1 64.50 J 
4 20 22.45 47.07 11.73 66.72 
5 30 22.02 50. 18 13.34 68.74 
6 C30 5 7.48 17. 15 10. 11 63 .39 
7 10 6.40 18 . 19 10.92 64.19 
8 20 6.02 20.5 1 12.33 63.59 
9 30 5.44 26.11 13.85 62.17 
10 C20 5 6.47 20.17 9.30 58 .23 
11 10 5.34 26.44 10.0 1 52.37 
12 20 5.28 3 1. 52 11 .32 44.99 
13 30 5.1 3 42.52 13.04 40.84 
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Table 4.10 : Monsanto data for the styrene-buladiene rubber (SBR) composites 
wi th different fill ers prepared by semi-EV system (cont.) 
Mix Rubber Acc. Filler Fi ller Scorch Cure Min. Max. 
no . content safety time torque torque 
(phr) t2 (min) t90(min) (Nm) (Nm) 
14 SBR CBS C IS 5 5.47 2 1.29 9.40 56.5 1 
15 10 5.0 1 29.19 9.70 49.1 3 
16 20 4.40 4 1.14 9.81 39.83 
17 30 4.40 45.58 9.60 34.67 
18 N1lS 5 12.5 8 27.29 9.43 64.09 
19 10 11.51 25.33 9.82 66.04 
20 30 7.69 22.56 13.7 1 91.61 
From Table 4.10, the calcu lated va lues for llr, M, and L va lues are shown 
in Table 4. 11 . 
Table 4.11 : llr, M, and L values for the BR-compos ites with different fillers 
no Rubber Fi ll er phr L'.T 190-12 CRI 11, M, L 
(Nm) (min) (min-I ) 
I SBR - - 54.49 15.29 3.56 1.00 1. 00 0 
2 Na 5 53 . 18 17.32 3.07 1.06 0.99 0.07 
3 10 53.89 2 1.62 2.49 1.1 I 1.0 I 0. 10 
4 20 54.99 24 .62 2.23 1.22 1.04 0 .18 
5 30 55.40 28. 16 1.97 1.39 1.07 0.32 
6 C30 5 53.28 9.67 5.5 1 1.05 0.99 0.06 
7 10 53.27 11.79 4 .52 1.1 4 1.00 0.14 
8 20 5 1.26 14.49 3.54 1.28 0.99 0.29 
9 30 48.32 20.67 2.37 1.44 0.97 0.47 
10 C20 5 48.93 13 .70 3.57 0.97 0.91 0.06 
11 10 42.36 2 1.1 0 2 .0 1 1.04 0.82 0.22 
12 20 33.67 26 .24 1.28 1.18 0.70 0.48 
13 30 27.80 37.39 0.74 1.36 0.64 0.72 
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Table 4. 11 : 11" M, and L va lues fo r the SBR-composites with different fillers 
(cont.) 
no Rubber 
14 SBR 
15 
16 
17 
18 
19 
20 
1.5 
1.4 -
i!i 
'" ~ 1.3-
'€ , 
.,; 
f-E 
_ 1.2 
i!i 
'" ~ 
~ 1.1 -
~E 
11 
I=" 1.0 
Fi ller phr LH 
(Nm) 
C1S 5 47. 11 
10 39.43 
20 30.02 
30 25.07 
NlIS 5 54.66 
10 56.22 
30 77.90 
-11- SBR+Na clay 
• SBR+C30B clay 
• SBR+C20A clay 
-T- SBR+C15A clay 
t9O-t2 CRI 
(m in) (min·l) 
15.82 2.98 
24.18 1.63 
36.74 0.82 
41.1 8 0.61 
14.71 3.72 
13.82 4.07 
7.69 10.13 
• 
.~: 
~. 
Weight % of clay 
TJ, M, 
0.98 0.88 
1.0 I 0.77 
1.02 0.62 
1.00 0.54 
0.98 1.00 
1.02 1.03 
1.43 1.43 
• 
Figure 4.33 : Relative minimum torque (77J for the SBR composites with 
various clays and loadings 
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1lr values for the SBR-c1ay nanocomposites are shown in Figure 4.33. 
C30B shows the hi ghest va lue, but it is not much di fferent to the C20A and Na 
clays. C 15A c lay still has the lowest relati ve viscosity perhaps due 10 the high 
modifier content. A fle r curing, M, of the C20A and C 15A systems are lower than 
fo r the Na and C30B systems. This could be due to compatibility between SBR 
with the C20A and C 15A c lays. So, it has lower inter-aggTegati on of fill ers thus, 
lower modulus. From Table 4.1 I, L va lues of N I 15-SBR composites are lower 
than clay-SBR systems. This means that 11 5 has better dispersion than the c lays 
in SBR. 
The Monsanto results for the acrylonitril e-butadiene rubber (NBR) 
compos ites with different fill ers are shown in Tab le 4. 12. 
Table 4.12 : Monsanto data for the acrylonitri le-butad iene rubber (N BR) 
compos ites with diffe rent fill ers prepared by semi-EV system 
Mix Rubber Acc. Filler Filler Scorch Cure Min. 
no. content safety time torque 
(phr) t2 (min) t90( m in) (Nm) 
I NBR CBS - - 6.3 1 10.45 8.17 
2 Na 5 7.46 11 .52 8.36 
3 10 8.1 3 12.20 9.04 
4 20 8. 10 16.1 7 9.82 
5 30 9. 15 19.3 1 11.1 8 
6 C30 5 5.38 9.01 8.66 
7 10 5. 18 9.50 9.82 
8 20 5.40 14.59 10.89 
9 30 5.33 26.56 10. 80 
10 C20 5 6.59 12.00 8.66 
11 10 6.50 14.35 9.24 
12 20 7. 12 18. 18 9.43 
13 30 7.44 19.28 10.60 
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Max. 
to rque 
(Nm) 
63.80 
64.19 
67.69 
73 .52 
78. 10 
64. 87 
68.18 
60.88 
49. 11 
62.34 
59.62 
53.88 
49.02 
Table 4.12 : Monsanto data for the acrylon itrile-butad iene rubber (NBR) 
composi tes with d iffe rent fill ers prepared by semi-EV system (cont.) 
Mix Rubber Acc. Filler Filler Scorch Cure Min. Max. 
no. content safety time torque torque 
(phr) t2 (min) t90(min) (Nm) (Nm) 
14 NBR C BS C IS 5 7. 10 12.06 8.66 62.24 
15 10 6.22 13.09 9.24 6 1.46 
16 20 4.21 15.46 10.31 59.1 3 
17 30 3.25 16.40 11 .38 55.53 
18 NIlS 5 6.30 11.1 7 8.66 64.67 
19 10 6.28 11.39 10.3 1 69.05 
20 30 5.33 I 1.14 14.20 82.37 
From Table 4 .12, the calcu lated values for 11" M, and L values are shown 
in Table4. 13. 
Table 4.13 : 11" M, and L values for the NB R-composites with different fillers 
no Rubber Filler phr ~T 190-t2 CRI 11, M, L 
(Nm) (min) (mi n·l) 
I NBR - - 55 .63 4.14 13.44 1.00 1. 00 0 
2 Na 5 55 .83 4.06 13.75 1.02 1.0 I 0.01 
, 10 58.65 4.07 14.41 I. I I 1.06 0.05 J 
4 20 63.70 8.07 7.89 1.20 1.15 0.05 
5 30 66.92 10. 16 6.59 1.37 1.22 0. 15 
6 C30 5 56.2 1 3.63 15.48 1.06 1.02 0.04 
7 10 58.36 4.32 13.51 1.20 1.07 0. 13 
8 20 49.99 9. 19 5.44 1.33 0.95 0.38 
9 30 38.3 1 2 1.23 1.80 1.32 0.77 0.55 
10 C20 5 53.68 5.4 1 9.92 1.06 0.98 0.08 
11 10 50.38 7.85 6.42 1. 13 0.93 0 .20 
12 20 44.45 11.06 4.02 1.1 5 0.85 0.30 
13 30 38.42 11.84 3.24 1.30 0.77 0.53 
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Table 4.13 : 11" M" and L values for the NBR-composites with different fillers 
( cont.) 
no Rubber 
14 NUR 
15 
16 
17 
18 
19 
20 
1.40 
1.35 
a: 1.30 aJ 
z 
j! 
'€ 1.25 , 
.~-
I- 1.20 
-a: 
aJ 1.15 z 
al 
~-
< 1.10 
'E 
l-
II 1.05 
~ 
1.00 
0.95 
0 
Filler phr l>T t9C-t2 
(Nm) (min) 
C 15 5 53.58 4.96 
10 52.22 6.87 
20 48.82 11 .25 
30 44.1 5 13.15 
N115 5 56.0 1 4.87 
10 58.74 5.11 
30 68. 17 5.8 1 
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Figure 4.3 7: Relative maximum torque (Mr) for the NBR composites with 
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1'], for the NBR nanocomposites increases with filler loading because the 
viscosity increases from the hydrodynamic effect 32 in which the aggregates 
behave as rigid agglomerates and increase the viscosity. At high loading, M, of the 
C30B clay system decreases, which is unlike the C30B system in NR and SBR, 
which are quite constant. This cou ld be due to the polar interactions between NBR 
and the C30B clay which disperses and reduces the filler aggregation. From Table 
4.12, L value of N I 15-NBR composites are comparable with C20A and C 15A 
c1ay-NBR nanocomposites. This indicates that the polarity of NBR improves the 
dispersion of the clays to the same level as the N 115 carbon black system. 
Figures 4.39, 4.40 and 4.41 show the curing times for the NR, SBR and 
NBR systems, respectively. 
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Figure 4.39 : Curing times /or the NR-composiles 
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Figure 4.41 : Curing limes/or the NB R-composites 
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For the R compos ites, in Figure 4.39, all the organoclays (CJOB, C20A 
and C 15A clays) decrease the curing time. This is the result of the clay modifiers 
covering the clay surface and reducing the adsorption of the accelerator on clay 
particles 3 The interlayer amines can also act as a base catal yst 272. 
From Figure 4.40, the curing times of the SBR organoclay nanocomposites 
are lower than the I a clay-SBR composites. There is a trend of an increase of 
curing time for Na, C30B, C20A and C 15A systems as the loading increases. This 
can also be shown in Figure 4.4 1 for the BR organoclay nanocomposites. At 
high loadings, clays tend to aggregate, and , thus, an increase of amine cations 
remain inside the interlayers and can not accelerate the curing. Meanwhile, 0 1-1 
groups at the c lay edges increase and react with the accelerator, thus reducing the 
accelerator ava il ab le, and increasing the curing time. See Figure 4.42. 
~ ;v-/ / / ~ ;v-/ / / 
HO ---i f- OH HO ---i f- OH 
~;v-/ / / ~;v-/ / / 
HO ---i f-OH HO ---i f-OH 
~ ;v-/ / / ~;v-/ / / 
HO ---1 f- OH HO ---1 f-OH 
~ ;v-/ / / ~ ;v-/ / / 
HO ---i f-oH 
a) Low loading ~ ;v-/ / / 
HO ---i f-OH 
~;v-/ / / 
HO ---1 f- OH 
~;v-/ / / 
b) High lo ading 
Figure 4.42 : Ammonium calions and 0 /-1 groups of organoclays allow and high 
loading 
Interestingl y, C30B clay has two active hydroxyl groups, but the curi ng 
time is shorter than for C20A and C 15A clays, as shown in Figures 4.40 and 4.41. 
This could be explained by the XRD resu lts. The modifier of C30B c lay can be 
removed from the silicate layers and reduce the ga ll ery spacings. So, the 
ammonium cat ions could possibly come out and accelerate the curing. 
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4.4 C rosslink densities of tbe rubber nanocomposites 
The cross link density of all rubber-clay nanocomposites were ca lculated 
using the Flory-Rehner equation, as mentioned in section 3.4.5. Figure 4.43 shows 
the crosslink density of NR with various clays and acce lerators at 5 wt % 
loadings. 
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Figure 4.43 : Cross link density of the N R- clay composites with variolls 
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MBT g ives re lative ly the lowest cross link density followed by CBS, 
ZOMC and TMTM . At 5 % wt c lay load ing, all organoclays (C30B, C20A, and 
C 15A) increase crosslink density. This could be the result of the ammon ium 
cations of the modifiers in all organoclays. C l5A has the highest amount of 
modifier, thus gives the highest cross I ink density. 
For the NR, SBR and NBR composites, the crosslink densities were 
ca lculated and a re shown in Figures 4.44,4.45 and 4.46, respectively. 
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Figure 4.46 : Crosslink density of the NBR composites with the 4 clays 
The characteristics of the clays that could possibly be related to the 
crosslink density are shown in Table 4.14. 
Table 4.14 : Possible effects of clay characteristics on the crosslink density 
Clay Decrease cross link density Increase crosslink density 
Na 1. OH groups on clay edges 
-
2. Adsorption of acce lerator on surfaces 
C30B I. OH groups on clay edges 1. Ammonium cations of 
2. Adsorption of accelerator on surfaces modifier replaced the Na 
3. Two OH groups per modifier chain cations to 97.3% level 
C20A 1. OH groups on clay edges 1. Ammonium cations of 
2. Adsorption of accelerator on surfaces modifier replaced the Na 
cations to 102.6% level 
CI5A I. OH groups on clay edges I. Ammonium cations of 
2. Adsorption of accelerator on surfaces modifier replaced the Na 
cations 135.0% level 
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The relationshi ps in Table 4.14 can be used to explain the results from 
Figure 4.44, 4.45 and 4.46. The C30B clay has two negative effects ITom the extra 
OH groups that can react with the accelerator, so that the cross link densities of a ll 
rubber-C30B composites decrease. The cross link density of C 15A is higher than 
C20A and C30B. This IS because C 15A conta ins the Itighest amount of 
ammonium cations (135%), fo llowed by C20A (102.6%) and C30B (97.6%), 
respecti ve ly. As the loading of clay increases, the available acce lerators are 
reduced due to adsorption on the edges and surfaces of the clay part icle. All 
compounds with di fferent clay loadings had the accelerator at a constant 1.5 phr 
loading. Thus, the amount of acce lerator decreased more and more as the clay 
loading increases. Even though the amount of ammonium cations from modified 
clays increases as we ll , they are not an accelerator themselves, and can only aid 
the actual acce lerator. For all these reasons, the cross link density decreases as clay 
loading increases. The crosslink density of Na clay composites decreases at a 
slower rate than do the organoclay nanocomposites. This is due to the fact that Na 
cations on the clay surface can bind with water and cover the surface. This will 
reduce the adsorption of the acce lerator. For commercial carbon black (N I 15), the 
crossli nk density changed only s lightly as shown in Figure 4.47. 
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Figure 4.47: Crosslink density of NR, SBR and NBR-N I 15 composites 
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4.5 Filler dispersion using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) 
To study the dispersion of the clays, all rubbers were mixed with various 
clays without any other curing agents. The mixing time was 30 minutes and the 
samples were prepared as described in section 3.4.6. Clay aggregates can easily be 
seen in SEM micrographs because of the difference in electron scattering. 
4.5.1 Clay dispersion in the NR composites 
SEM micrographs of uncured NR-Na clay composites at loadings of I, 5 
and 10 wt % are shown in Figure 4.48, 4.49 and 4.50, respectively. Uncured NR-
C30B clay nanocomposites at loadings of I, 5 and 10 wt % are shown in Figures 
4.51 , 4.52 and 4.53, respectively. (N.B. The dotted lines separate the different clay 
types in th is sequence of micrographs) 
Figllre 4.48 : SEM micrograph of the NR-Na clay at 1% 
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Figure 4.49 : SEM micrograph of/he NR-Na clay a/ 5% 
Figure 4.50 : SEM micrograph of/he NR-Na clay a/ 10% 
Figure 4.51 : SEM micrograph of/he NR-C30B clay a/ 1% 
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• 
Figure 4.52 : SEM micrograph of/he NR-C30B clay a/ 5% 
Figure 4.53 : SEM micrograph of/he NR-C30B clay 01 10% 
Agglomerated structures can occur in improperly compounded materials 
because of the non-polar nature of NR. The Na and C30B clays were di spersed in 
the natura l rubber at the micron level. The biggest particle size is about 20 f.UTI. On 
average, the particle size of the C30B clay was smaller than that of the Na clay at 
the same loading. C30B is more hydrophobic, due to its modifier, than Na clay. 
So, it can disperse better than the Na clay. 
Figures 4.54 and 4.55 are SEM micrographs of uncured NR-C20A clay 
composi tes at loadings of 5 and 10 wt %, respectively. SEM micrographs of the 
NR-C 15A clay composites at loadings of 5 and 10 wt % are shown in Figures 4 .56 
and 4.57, respectively. (N.B. The dotted lines separate the different clay types in 
this sequence of micrographs) 
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Figure 4.54 : SEM micrograph of the NR-C20A clay at 5% 
Figure 4.55 : SEM micrograph of the NR-C20A clayaf 10% 
-------------------------------------------------------------------------------------------------- -
Figure 4.56 : SEM micrograph of the NR-C15A clay af 5% 
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Figure 4.57 : SEM micrograph of the NR-CJ5A clay at 10% 
The good dispersion and small agglomerates can be seen from C20A and 
C 15A-NR nanocomposites. At 5 wt % loading, the dispersion is very good for 
both clays. There are no aggregation for both clays as shown in Figures 4.54 and 
4.56. With a further increase in the clay loading to 10 wt %, clay particles 
aggregate as shown in Figures 4.55 and 4.57. 
4.5.2 Clay dispersion in the SBR composites 
SEM micrographs ofSBR-Na clay composites at loadings of 5, 10 and 30 
wt % are shown in Figure 4.58, 4.59, and 4.60 respectively. Figure 4.6 1,4.62, and 
4.63 show the SEM micrographs for the SBR-C30B clay composites at loadings 
of 5, 10 and 30 wt %, respectively. (N.B. The dotted lines separate the different 
clay types in this sequence of micrographs) 
Figure 4.58 : SEM micrograph of the SBR-Na clay at 5% 
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Figure 4.59 : SEM micrograph o/the SBR-Na clayal 10% 
Figure 4.60 : SEM micrograph o/the SBR-Na clay at 30% 
Figure 4.61 : SEM micrograph o/the SBR-C30B clay al 5% 
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Figure 4.62 : SEM micrograph of the SBR-C30B clayal 10% 
Figure 4.63 : SEM micrograph of the SBR-C30B clayal 30% 
SEM m icrographs revealed large, 1-10 flm , aggregates, which is clear 
evidence of poor dispersion of both the Na and the C30B clay systems. On 
average, the C30B clay has better dispersion than the Na clay due to the modifier 
of C30B which covered the hydrophilic clay surface and changed it to a 
hydrophobic nature . 
SBR-C20A clay nanocomposites at loadings of 5, 10 and 30% gave SEM 
micrographs as shown in Figures 4.64, 4.65 and 4.66, respectively. For the SBR-
C 15A clay nanocomposites , the SEM micrographs are shown in Figures 4.67, 
4.68 and 4.69 for the 5, 10 and 30 wt % loadings, respectively. 
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Figllre 4.64 : SEM micrograph of/he SBR-C20A clay a/ 5% 
Figllre 4.65 : SEM micrograph of/he SBR-C20A clay a/ 10% 
Figllre 4.66 : SEM micrograph of /he SBR-C20A claya/30% 
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Figure 4.67 : SEM micrograph of the SBR-C15A clay at 5% 
Figure 4. 68 : SEM micrograph of the SBR-C15A clay at 10% 
Figure 4.69 : SEM micrograph of the SBR-C15A clay at 30% 
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SEM micrographs of SBR-C20A and C I5A clays show the well dispersed 
clay particles and only a few clay agglomerates with increasing clay contents from 
5 to 30 wt % loadings. 
4.5.3 Clay dispersion in the NBR composites 
A comparative analysis of the SEM micrographs of the NBR mixed with 
Na clays at 5, 10 and 30 wt % loadings are shown in Figures 4.70, 4.71 and 4.72, 
respectively. Figure 4.73, 4.74 and 4.75 show the SEM micrographs for the NBR-
C30B clay composites at loadings of 5, 10 and 30 wt %, respectively. (N.B. The 
dotted lines separate the different clay types in this sequence of micrographs) 
Figure 4. 70: SEM micrograph oJthe NBR-Na clay at 5% 
Figllre 4. 71 : SEM micrograph oJthe NBR-Na clay at 10% 
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Figure 4. 72: SEM micrograph o/the NBR-Na clay at 30% 
---------------------------------------------------------------------------------------------------
Figure 4.73 : SEM micrograph o/the NBR-C30B clay at 5% 
Figure 4.74 : SEM micrograph o/the NBR-C30B clay at 10% 
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Figure 4. 75: SEM micrograph of the NBR-C30B clay at 30% 
For Na clay, the SEM micrographs show that the size of the dispersed 
clays increases with increasing clay content. In general, the dispersed clays in the 
C30B-NBR composites are smaller than in the untreated Na clay, but there are 
some much larger agglomerates at 5 wt % loading due to non-uniform di spersion. 
At 30 wt % load ing, the C30B clay disperses very much better and almost no clay 
particles can be seen. 
SEM micrographs of the NBR-C20A clay nanocomposites at 5, 10 and 
30% wt loadings, respectively, are shown in Figures 4.76, 4.77 and 4.78. Figures 
4.79, 4.80 and 4.81 show SEM micrographs of the NBR-C 15A clay 
nanocomposites at loadings of 5, 10 and 30 wt %, respectively. 
Figure 4. 76 : SEM micrograph of the NBR-C20A clay at 5% 
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Figure 4.77 : SEM micrograph of the NBR-C20A clay at 10% 
Figure 4. 78 : SEM micrograph of the NBR-C20A clay at 30% 
---------------------------------------------------------------------------------------------------
Figure 4. 79 : SEM micrograph of the NBR-CI 5A clay at 5% 
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Figure 4.80.' SEM micrograph of the NBR-C15A clay at 10% 
Figure 4. 81 .' SEM micrograph of the NBR-C/5A clay at 30% 
The di spersion of C20A and C 15A clays in NBR is better than for the Na 
and C30B clays. Even though there are some large agglomerates in the 
composites, C 15A clay has higher amount of the organic modifier than C20A 
clay. The excess modifier also changes the fracture surfaces to show plasti c 
deformation as seen in Figure 4.81. 
4.5.4 T ransmission electron microscopy (TEM) 
TEM images of the SBR-C20A clay nanocomposites at 5 wt % loading 
and at magnifications of IO,OOOX, 50,OOOX and 200,OOOX are shown in Figures 
4.82, 4.83 and 4.84, respectively. Figures 4.85, 4.86 and 4.87 also show the TEM 
133 
Images of NBR-C20A clay nanocomposites at 5 wt % loading and at 
magnifications of I O,OOOX, 50,OOOX and 200,OOOX, respectively. 
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Figure 4.82: TEM image of the uncured SBR-C20A clay at 5% 
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Figure 4.83 : TEM image of the uncured SBR-C20A clay at 5% 
(50k magnification) 
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Figure 4.85 : rEM image of the uncured NBR-C20A clay at 5% 
( / Ok magnification) 
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Figure 4.86: TEM image of the uncured NBR-C20A clay at 5% 
(50k magnification) 
Figure 4.87 : TEM image of the uncured NBR-C20A clay 015% 
(200k magnification) 
As layered si licates have very large aspect ratios and nanometre 
thicknesses, they behave more like flexible sheets than rigid ceram ic plates as 
seen in Figures 4.83 and 4.86. Individual crystall ites of the si licate are visible as 
regions of alternating narrow, dark and light bands within the particles. See 
Figures 4.84 and 4.87. These clay crystallites consist of stacks between 10 to 50 
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parallel silicate layers. [n the case of the BR-C20A clay nanocomposi tes 111 
Figure 4.85, the average particle size is smaller than in the SBR-C20A clay 
nanocomposite in Figure 4.82. The SB R-C20A clay nanocomposite in Figure 4.83 
shows that there are intercalated tactoids and di sordered stacks of layers 
coex isti ng in the nanocompos ite. Some exfo liated silicate layers are a lso shown in 
Figure 4.84. These TEM images support the XRD resul ts. The intensities of SBR 
and NBR-C20A clay composites decreased due to some exfoliati ons as seen fro m 
TEM. The doo l from W AXD and the distance between silicate layers from TEM of 
SBR and NBR-C20A clay composites are almost the same. 
4.6 Mcchanical propcrtics of rubbcr compositcs 
4.6.1 T cnsile strcss-str'ain propcrtics 
Tensile strength is traditiona ll y measured as a uni versal index of overall 
quali ty. This form of testing is purely mechan ical , witho ut the effect of chemical 
change, because of the fast testing speed (500 mm/min). The tensile modulus for a 
rubber technologist is the tensile stress at a given elongation of a trip of rubber 
being extended at a constant rate of strain 37 This is not the same as the modulus 
of linear elasticity which is a ratio of stress to stra in . Rubber behaves non-linearl y. 
So, the tensile stress at 100 and 300% elongation were often quoted. The 
experimental uncertainties in the tensi le propert ies are shown in the plots as the 
standard deviations. 
1. NR-clay nanocompositcs 
Figures 4.88 and 4.89 show the tens ile strength and elongation at break for 
the NR-clay composites cured with va ri ous accelerators at 5 wt % load ings of the 
four clays. 
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Figure 4.89 : Elongation at break of the NR-clays with various accelerators 
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Consideration of these results with the cross link dens ity measurements in 
section 4.4, the tensil e strength of the R-clay nanocomposites increases with 
increasing cross link density (TMTM>ZDMC>CBS> MBT). The different clays 
show change in tensil e strength at on ly 5 wt % clay load ing. The unfill ed NR has 
a very high tensil e strength from strain-induced crystalli zation. N R curing with 
C B seems to improve the tensil e strength with the C20A and C 15A clays_ This is 
another reason to choose CBS as a curing system for the rest of compounds_ C20A 
and C l5A clay-N R nanocomposites show lower elongations at break than do the 
Na and C30B c lay systems. This is because the Na and C30B clay systems have 
lower crosslink density than the C20A and C 15A clay systems as seen in Figure 
4.43 (section 4.4). 
For the semi-EV system with CBS as the curing agent, the tensil e strength 
and elongation at break of NR with Na, C30B, C20A and C l 5A clays, and with 
N I1 5 carbonblack are shown in Figures 4. 90, 4.9 1, 4.92, 4.93 and 4 .94, 
respectivel y. All the average values of tens il e strength and elongation at break are 
shown in Figures 4.95 and 4.96, respective ly. 
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All the organoclay- NR nanocomposites Increase In tensile strength at 
loadings of I and 3 wt %. This result is from an increase in the crosslink density at 
these loadings as a lready seen in section 4.3 . A further increase in the clay 
contents resulted in a decrease in the tensi le strength because the clay particles 
tend to aggregate when introduced at higb contents. Such aggregates may act as 
defects and induce stress concentrations. The elongation at break of the N 115 
carbon black system is much lower than the clay systems. This is due to the 
stronger interactions between carbon black and the rubber molecules which 
restricts the movement of the chains. Another reason could be the higher crosslink 
density ofN 115 carbon black system. Figure 4.97 shows the tensile stresses at 100 
and 300% elongation for all the NR-filler systems. 
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Figure 4.97 : Tensile stresses at 100 and 300% elongalionsfor the NR composites 
The tensile stresses of NR mixed with the Na and C30B clays are a lmost 
equal at both the 100 and the 300% elongation, with a slight increase when 
loading increases due to the hydrodynamic effect of the filler. At 100% 
elongation, the tensi le stress of the NR composites made using C20A and C 15A 
clays and N 11 5 carbon black are in the same range, but NR-N 115 composite 
143 
provides the highest va lue at 300% elongation. This cou ld be the breaking of clay 
- clay network at high elongation. 11 5 a lso has a much stronger rubber-fi ller 
interaction than do the clays. The tensile stress at 300% is markedl y higher than at 
100% due to stress induced crystalli zation in N R starting to occur. 
2. SUR-clay nanocomposites 
SB R composites prepared with Na, C3 0B, C20A and C ISA clays, and 
with N 11 5 carbon black are shown in Figures 4.98, 4.99, 4.100, 4 . 10 I and 4.102, 
respectively. All the average va lues of tensil e strength and elongation at break are 
shown in Figures 4.1 03 and 4. 104, respective ly. 
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Fig/lre 4.100 : Tensile and elongGlion al break dalaJor Ihe SBR-C20A clay 
composiles 
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Figure 4. 101 : Tensile and eLongation at break datafor the SBR-C I 5A clay 
composites 
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Figure 4.102 : Tensile and elongation at break data for the SBR-N 115 carbon 
black composites 
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Figure 4. 103 : Tensile strength data f or all the SBR composites 
800 
750 
700 
- - SBR+Na clay 
. - SBR+C30B clay 
& SBR+C20A clay 
~ SBR+C15A clay 
• SBR+N 115 carbon black 
• 
~ 650 . / 
-'" • 
'" Q) 600 ~ .'-----• 
.n 
-
'" 550 c 
0 
:;::; 
'" 
500 Cl 
c 
..Q 
UJ 450 
400 
350 
o 5 10 15 20 25 30 
Weig ht % of filler 
Figure 4.104 : Elongation at break data f or all/he SBR composites 
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The tensile strengths of the SBR-C30B, C20A and C 15A clays, and NI 15 
carbon black composites increase with an increas ing fill er content from 5 to 30 
wt %. On the other hand, the tens ile strength of SBR-Na clay composite on ly 
slightly increases and has a maximum va lue at 20 wt % . Meanwhile, the teDsile 
strength and elongation at break of the C20A- and C 15A-SBR composites at 
loading more than 20% do not increase greatly because the aggregation of the clay 
will reduce the particle aspect ratio . The SBR-N 11 5 composites show the highest 
tensile strengths at loadings higher than 10 wt % because N 11 5 less likely to 
agglomerate than are the clays and it has a strong interaction with the rubber 
molecules. 
Figure 4.105 shows the tensile stresses at 100 and 300% for the SBR-
fi ller systems. 
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Figure 4.105 : Tensile stresses at 100 and 300% elongation for the SBR 
composites 
The tensile stresses of SBR mixed with the C20A and C 15A clays are 
higher than for the C30B and Na clay systems at both 100 and 300% e longation. 
The N 11 5-SBR composites have the same leve l of tens il e stress at 100% as the 
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C20A- and C 15A c1ay-SBR composites. However, it shows a significantl y hi gher 
va lue at 300% elongati on due to the stronger rubber-filler interactions. The tensil e 
stress at 300% is not much higher than at 100% when compared to the R system . 
Thi s is because SBR does not exh ibit strain-induced crystallization which would 
have had an effect at high elongations. 
3. NBR-c1ay nanocompos itcs 
The te nsil e strengths and elongations at break for the NBR composites 
with Na, C30B, C20A and C 15A clays and N I 15 carbon black are shown in 
Figures 4.1 06, 4. 107, 4. 108, 4. 109 and 4. 11 0, respectively. All the average val ues 
of tensile strength and elongation at break are shown in Figures 4. 11 1 and 4.1 12, 
re pectively. 
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Figure 4.107 : Tensile strength and elongation at break/OJothe NBR-C30B clay 
composites 
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Figure 4.108 : Tensile strength and elongation at break/OJo the NBR- 20A clay 
composites 
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Figure 40 109 : Tensile strength and elongation at break/OIo the NBR-C15A clay 
composites 
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Figure 40110 : Tensile strength and elol7galiol7 at break/OIothe NBR-NI15 carbon 
black composites 
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Figure 4.111 : Tensile strength/or all the NB R composites 
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Figure 4.112 : Elongation at break/or all the NBR composites 
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With increasing load ings of C30B, C20A and C I5A clays in NBR 
composites, the tensile strength increased greatly up to 20 wt %. After this va lue, 
the increase was not so obvious. This can be attributed to the aggregation of the 
clay. For the Na clay-NBR composites, the tensile strength does not change 
markedly compared to the unfilled NBR. The increase in polar interactions 
between layered silicates with NBR will increase the tensile strength, so the value 
is not as low as in the NR and SBR systems. 
Tensi le stresses at 100 and 300% elongation for all the NBR-filler systems 
are shown in Figure 4.113. 
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Figure 4_113 : Tensile stresses at 100 and 300% elongation/or the NBR 
composites 
At 100% elongation, all the NBR-filler composites show almost the same 
level of tensile stress, with just a slight increase with increasing loading. At 300% 
elongation, The N 115-NBR composites show the highest tensile stress following 
by the C 15A, C20A, C30B and Na clay systems, respectively. 
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From all the tensile experiments, the following conclusions can be made. 
I . Stress at any stra in, including stress at break, for the rubber composites 
will exceed that of the unfilled rubber because of the hydrodynamic effect of the 
fi ller particles. The interaction between rubber molecules and filler wi ll increase 
the tensile stress because of the more restricted movement of the rubber chains. 
N liS carbon black has a higher rubber-filler interaction than do the clays. The 
modified clays a lso have higher rubber-clay interactions than does the Na clay. 
2. At relatively small elongations (100%), the tensile stresses of rubber-
filler composites are not much different. Even though NIIS carbon black has 
higher rubber-fi ller interaction, clay has higher secondary filler-filler interactions. 
Thus, their tensile stresses increase. 
3. On the other hand, at high elongations (300%), the N 1I S carbon black 
systems showed a much higher modulus than the c lay systems. This may be 
because at high elongation, the inter-aggregates of clay breakdown. Thus, the 
interaction between rubber and filler does have an important role. At high 
extensions, the de-wetting of rubber from the filler surface occurs. Carbon black 
has higher locali zed bonding between the rubber molecules and filler which are 
caused by strong phys ica l adsorption and chemi-sorption. Weak rubber-fi ller 
interactions will allow rubber molecule slippage and increase the elongation at 
break. Therefore, the rubber-clay composites have higher elongations at break 
than the carbon black system . 
4. C30B clay-rubber composites show both lower tensile stress than do the 
C20A and C lSA clay systems because they have the lowest crosslink density (See 
section 4.4) and higher aggregation. 
S. Rubbers exhibiting strain-induced crystallization characteristics, such as 
NR, already have high tensile strength. So, the improvement from a filler is not as 
large. Furthermore, the difference between stress at high and low elongations will 
be large because stress-induced crystallization occurs at high strains. 
IS4 
6. As NBR is more polar than SBR and NR, C ISA clay, which is the most 
hydrophobic clay, wi ll be more compatible with NR, and, thus NR-C ISA clay 
composites show higher tensile strengths than the C20A system. For the SBR and 
NBR systems, the C20A clay which had the highest amount of interca lated rubber 
molecules (from section 4.1) had higher tensil e stress than did the C ISA clay 
system. 
4.6.2 Tensile fracture surfaces 
SEM micrographs of the tensi le fracture surfaces of unfi lled NR, SBR, and 
NBR are shown in Figures 4.114, 4.II S and 4.1 16, respectively. 
Figure 4.114 : Tensile fracture surf ace f or the unfilled NR (32.5X) 
Figllre 4.115 : Tensile fractllre surf ace for the unfilled SBR (32.5X) 
ISS 
Figure 4.116 : Tensile fracture sUI/ace for the unfilled NBR (32.5X) 
Unfilled NR shows a rough zone at one end of the fracture surface and a 
smooth region, but unfilled SBR and NBR show smooth regions only. A rough 
zone is characteristic of strain crystallization in rubbers 27] 
Figure 4.117 shows an SEM micrograph of the tensile failure surface of 
unfill ed NR at 7,000 magnification. The bright spots indicate the presence of 
rubber chemicals such as zinc oxide and stearic acid. Some particles of these 
chemicals detached from the rubber during failure and caused the formation of a 
few small pits on the surface. 
Figure 4.11 7 : Tensilefracture sUI/ace for the unfilled NR (7,OOOX) 
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Figures 4.118, 4.119 and 4.120 show the fracture surfaces ofNR, SBR and 
NBR with C20A at 10% loading. The high level of polymer-filler interaction 
causes the occurrence of a rough facture surface and short tear lines as seen in NR, 
SB R and NBR-C20A composites. 
Fig ure 4.118 : TensilefracllIre surfacefor Ihe NR-C20A clay 0110% (32.5),,) 
Figure 4.119 : Tensilefraclure surface for Ihe SBR-C20A clay 01 10% (32.5X) 
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Figure 4.120 .' Tensile fracture sUI/ace for the NBR-C20A clayal 10% (32.5X) 
NR-C20A clay composite exhibited a fai lure by shear yielding with local 
plastic deformation and dimples, which is a ducti le fracture mechanism. The 
fracture surfaces of SBR- and NBR-C20A clay composites are relatively smooth 
with tea r ridges and plastic deformation areas, indicating a partially ductile 
behaviour 274 . 
Figures 4.121 and 4.122 show the SEM micrograph of the tensile fracture 
surface ofNBR-Na clay and SBR-C30B clay at 30 wt %. 
Figure 4.121: Tensilejracture sUI/ace for the NBR-Na clay at 30% (7,000X) 
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Figure 4.122 : Tensile fracture sUI/ace for the SBR-C30B clay at 30% 
(7,000X) 
Detachment of clay particles from the fracture surface with formation of 
small pits was observed in Figures 4.1 21 and 4. 122. This is a result of poor 
rubber-clay adhesion. Figure 4.123 shows tensile fracture surface of SBR-C 15A 
clay at 30%. Even though clay aggregates can be seen, the fracture surface shows 
the fo rmation of bound clay-rubber aggregates without detachment, indicating a 
higher degree of rubber-clay adhesion. 
Figure 4.123 : Tensile fracture sw/ace for the SBR-CJ5A clay a! 30% 
(7,000X) 
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Figures 4.124 and 4.125 show the tensile fracture surfaces of SBR and 
BR composites with C 15A clay at 30 wt %. 
Figure 4.124 : Tensile fracture surface for the SBR-C15A clay a/ 30% (32.5X) 
Figure 4.125 : Tensile fracture surface for the NBR-Cl5A clay at 30% (32.5X) 
C 15A clay contains an excess of the ammonium salt which may act as a 
plasticizer. The fracture surfaces do show more plastic deformation as seen 111 
Figures 4.1 24 and 4.125. 
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4.6.3 Other mechanical properties 
Hardness, tear strength, and fatigue life data for the NR, SBR, and NBR 
composites are shown in Tables 4.15, 4. 16 and 4.17, respectively. 
Table 4.15 : Hardness, tear strength and fatigue properties of the NR composites 
with various fillers and loadings 
NR Hardness Tear strength (kN/m) Fatigue life 
(Shore A) (kilocycles.) 
Value Error (±) Value S.D. Value S.D. 
Unfilled 35 I 12.82 1.39 126 15.3 1 
+Na clay 1% 35 I 13.56 2.58 104 I 1.10 
3% 35 I 14.45 0.44 99 8.6 1 
5% 36 1 13.8 1 1.68 92 12.77 
10% 40 I 12.30 0.5 1 85 7.40 
15% 42 1 11 .65 1.82 66 10.02 
+C30B clay 1% 35 1 13 .24 0.11 111 16.1 9 
3% 37 1 12.93 2.73 92 8. 11 
5% 38 1 12.32 0.91 70 10.78 
10% 40 1 10.67 0.4 1 32 6.84 
15% 41 1 8.30 2.08 20 10. 16 
+C20A clay 1% 36 1 12.04 2. 12 113 8.77 
3% 43 1 10.62 0.28 76 9.69 
5% 44 1 9.9 1 0.07 45 11.88 
10% 46 1 14.37 1.00 3 1 6.20 
15% 50 1 15.69 1.54 17 3.39 
+CI5A clay 1% 39 1 11 .08 2.04 11 7 5.44 
3% 4 1 I 10.12 2.44 87 10.75 
5% 44 1 10.4 1 0.55 67 6.42 
10% 46 1 15.93 0.95 44 10.04 
15% 50 I 17.37 1.03 39 8.49 
+N115 5% 43 1 11 .53 0.27 69 7.07 
10% 45 1 12.90 2.09 66 12.59 
30% 58 1 34.49 2.90 7 1 10.39 
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Table 4.16 : Hardness, tear strength and fatigue properti es of the SBR composites 
with various fillers and loadings 
SBR Hardness Tear strength (kN/m) Fatigue li fe 
(Shore A) (k ilocycles) 
Value Error Value SD. Value S.D. 
(±) 
Unfilled 41 I 1.89 0. 18 19 9.57 
+Na clay 5% 45 I 4.51 0.20 62 6.65 
10% 48 I 5.14 0.10 81 9.63 
20% 5 1 I 7.07 0.88 58 4.52 
30% 55 I 7.75 0.28 34 7.62 
+C30B clay 5% 45 I 4.40 0.37 114 36.42 
10% 47 I 5.99 0.25 143 61.16 
20% 50 1 7.78 0.34 167 30.25 
30% 55 I 7.47 0. 10 15 1 40.91 
+C20A clay 5% 48 1 5.48 0.21 74 34.08 
10% 51 1 9. 10 0.7 1 9 1 56.36 
20% 55 1 15.60 1.64 124 2 1.84 
30% 56 1 20.65 0. 18 135 34.95 
+ClSA clay 5% 45 1 5.34 0.23 87 18.53 
10% 49 I 7.72 0.94 101 29.35 
20% 53 1 9.52 0.96 75 2 1.56 
30% 55 1 17.55 0.20 80 23.76 
+NllS 5% 42 1 5.08 0.59 43 4.94 
10% 44 1 8.10 1.1 3 64 15 .27 
30% 57 1 15 .18 0.91 5 1 7.64 
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Table 4.17: Hardness, tear strength and fati gue properties of the NBR composites 
with various fill ers and loadings 
NBR Hardness Tear strength (kN/m) Fatigue life 
(Shore A) (kilocycles) 
Value Error Value SD. Value S.D. 
(±) 
Unfilled 44 I 3.66 0.21 17 5.12 
+Na clay 5% 47 I 5.04 0.06 20 7.35 
10% 50 I 6.69 0.32 15 3.34 
20% 54 1 7.87 1.71 10 2.32 
30% 58 I 8.26 0.48 8 1.98 
+C30B clay 5% 47 I 4.99 0.26 17 7.82 
10% 50 I 6.92 2.0 1 24 6.94 
20% 55 I 13.52 0.20 52 7.30 
30% 58 1 32.02 1.67 60 12.74 
+C20A clay 5% 48 I 7.53 0.9 1 28 9.90 
10% 51 I 7.92 0.11 40 18.94 
20% 56 I 14.52 0.48 61 18.28 
30% 58 I 27.85 2.76 72 12. 15 
+CI5A clay 5% 49 I 5.99 0.54 32 13.97 
10% 51 I 7.09 0.60 34 15.73 
20% 56 I 9.76 0.32 63 21.94 
30% 58 I 15.45 0.89 74 14.52 
+N115 5% 47 1 6.52 0.47 47 15.84 
10% 50 I 9.64 0.09 36 14.38 
30% 62 I 15.58 0.65 30 3.45 
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1. Tear strength 
Natural ruhber (NR) 
The average va lues of tear strength for all the NR-composites are plotted 
in Figure 4.126. 
20 
18 
16 
~ 14 
E 
-Z 
-" 
12 
~
.s:::: 10 C, 
c 
~ 8 iil 
~ 
ro 6 Q) 
~ 
4 
2 
0 
--- NR+Na clay 
• NR+C30B clay 
.6. NR+C20A clay 
- 'I'- NR+C15A clay 
NR+N115 carbon black 
• 
(30 wt % loading value for 
N115 system is 30.08 ) 
----------------
• 
• 
o 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Weight % of filler 
Figure 4.126 : Tear strengths/or the NR composites 
As already stated, natura l rubber exhibits strain-induced crystall ization 
which causes a stick-slip tear mechanism, and high tear strength 31. Addition of 
Na and C30B clays do not change the tear strength significantly, but there is a 
decreasing trend at high loadings due to agglomeration. At low loadings, the 
C20A and C 15A clays are well dispersed. These small c lay platelets have 
distances between them enough for the tear fracture to pass through between them 
easily. Thus, the tear strengths are lower than for the Na and C30B clays. At high 
loadings, the C20A and C ISA clays provide higher tear strengths than the Na and 
C30B clays due to stronger rubber- fill er interaction. 
164 
Styrene-butadiene rubber (SBR) 
Figure 4.1 27 shows plots of the average tear strengths for the SBR 
composites. 
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Figure 4.127 ,' Tear strengths/or the SBR composites 
SBR is not a strain-induced crystallising rubber. The tear strength is very 
low, without fi ller. At low loadings, there is not much difference between the 
various fill ers. At higher loadings, the Na and C30B clays provide the least 
improvement. The SBR-C20A clay composite has the highest tear strength. This 
could be the result of well dispersed with interca lation and tactoid layered 
silicates. Layered silicate with high aspect ratios can also enhance crack-traj ectory 
tortuosi ty 139. C 15A clay has a higher modifier content and may plasticize the 
composite. So, the tear strength of SBR-C I5A clay composite is lower than the 
SBR-C20A clay material. 
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Acrylonitrile-butadicne rubber (NBR) 
Figure 4.128 shows plots of the average tear strength for the NBR 
composites. 
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Figllre 4.128 : Tear strengths f or the NBR composites 
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The NBR-C30B clay composites have high tear strengths and are 
comparable to the C20A clay composites. This could be the result of a polar 
interaction between the acry lonitrile groups of NBR and the hydroxy l groups of 
C30B modifier. The NBR-C20A clay system has high tear strengths because 
C20A clay creates barriers in the path of the tear by alignment of clay intercalates 
and tactoids . The rubber-clay systems have higher tear strengtbs than the carbon 
black filled materials due to the platelet characteristic and the al ignment abi li ty of 
clay. 
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2. Fatigue properties 
The fatigue life times are expressed in terms of the number of cycles to 
rupture. Figures 4.129, 4.130 and 4.131 show the fatigue life time ofNR, SBR and 
NBR clay, and N liS carbon black composites, respective ly. 
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Figure 4.129 : Fatigue life data for the NR composites 
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Figure 4.130 : Fatigue life data for the SBR composites 
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Figure 4.131 ,' Fatigue life data for the NBR composites 
Unfilled natural rubber already has a long fatigue life . Strain-induced 
crystallization in NR inhibits crack growth . It reduces the amount of energy used 
for crack propagation by the amount used in formation and melting of 
crystallites 43. Crystalline regions also can act as fill er particle to reduce the 
sharpness of the crack tip 27$ Adding filler in NR wi ll increase the number of 
fl aws and act as stress concentrators, and, thus, decrease the fatigue life as is seen 
in Figure 4.1 29. The NR-C20A and NR-C ISA clay composites have lower fatigue 
lifes than the NR-Na clay composites because they have a high modulus. Fatigue 
life is affected by the modulus of the sample. Fatigue crack growth is an energy 
dependent process. The higher modulus rubber will need larger energy input per 
cycle to deform, thus a lower fatigue life would be expected 276 
As the crack tip of unfilled SBR and NB R rubbers can propagate without 
obstacle, the fatigue life is low. Adding an organoclay can significantly improve 
fatigue life. Platy fillers like clay can be oriented in the plane of the sample by the 
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repeated loading during flexing . When the force is applied, the clay plates are 
lined up paralle l to the applied force . The fatigue crack will proceeded to grow 
longitudinally. The sample appeared to be longitudinally extended after testing as 
seen in Figure 4.132. This permanent deformation (tensile set) of rubber-clay 
composites wi ll increase fatigue life due to the consequent reduction in strain on 
the crack. SBR- and NBR-Na clay composites have lower moduli than SBR- and 
NBR-C20A clay composites. So, they were expected to have longer fatigue lifes, 
but the inverse behaviour is observed. SBR- and NBR-C20A clay composites 
have longer fatigue life than SBR- and NBR- Na systems. This unusual fatigue 
fa ilure could be explained by the platy characteristics of clay as mentioned before. 
C20A clay is less aggregated than Na clay in rubber. Thus, the clay particles in 
C20A clay-rubber systems have a higher aspect ratio and the platy characteristic is 
more prominent than Na clay-rubber system. 
Figure 4.132 : An example of sample extension after fat igue testing. From left 
to right, they are unfilled SBR and SBR-C20A clay at 30% 
4.6.4 Dynamic mechanical properties 
Dynamic mechanical analysis is used widely for the characterisation of 
I · I' d I . f I 24 277 therm a , vlscoe astlc an structura propertIes 0 po ymers . . 
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1. Natural rubber (NR) 
Figures 4.133 , 4.1 34, 4.1 35, 4.136 and 4.1 37 show the resu lts for NR 
mixed with Na, C3 0B, C20A and C 15A clays, and with N 115 carbon black, 
respectively. 
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Figure 4.133 : DMTA results/or the NR-Na clay composites 
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Figure 4.134 : DMTA results/or the NR-C30B clay composites 
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Figure 4.136 : DMTA results/or the NR-C /5A clay composites 
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Figure 4.137 : DMTA results/or the NR-N 115 carbon black composites 
Dynamic mechanica l analysis is used to measure the response of a material 
to a cyclic deformation. Three main parameters are obtained. The storage modul us 
(E') provides the elastic response to the deformation. The loss modulus (E") 
corresponds to the plastic deformation. The ratio of the loss modulus to elastic 
modulus is named tan o. So, tan 0 is dimensionless. Elastomers have g lass 
transition temperatures below room temperature and their storage moduli are low 
at room temperature. The high modulus, at low temperature, is due to insuffic ient 
thermal energy in the glassy region to overcome the potential barriers fo r 
translational and rotational motions of rubber segments 140. 
From Figures 4. 133 to 4.1 36, the storage modulus and the loss modulus of 
C20A- and C ISA-clay R composites increase with the amount of clay more 
di stincti vely than do the Na clay and C30B-c1ay NR composites due to the 
stronger interactions between the rubber molecules and the fill er. At low 
temperatures, there is a high modulus because the deformation is low due to the 
restricted movement of molecular segments. When the temperature increases to 
the point that polymer segments can move, the glass transition occurs. Increas ing 
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the temperature further will decrease the viscos ity rapid ly and the e lastic modulus 
also decreases. 
The glass transition temperatures are conven ti onal taken as the peak va lue 
of the loss modulus plot 24.278 It is also quite common for the max imum in tan ° 
to be taken as T g. I n thi s work, the former approach was taken. The glass 
transi tion temperatures of all the NR compos ites are shown in Table 4.18. The 
differences in the glass transition temperature compared with the unfilled NR a lso 
are shown. The results indicate that there are not significant differences. 
Table 4.18 : Glass transition temperatures of the R composi tes 
Glass transition temperature, To (DC) ~T 
NR -58 0 
NR+Na clay 5% -58 0 
10% -58 0 
15% -58 0 
NR+C30B clay 5% -58 0 
10% -58 0 
15% -58 0 
NR+C20A clay 5% -57 + 1 
10% -57 + 1 
15% -57 + 1 
NR+CI5A clay 5% -58 0 
10% -57 + 1 
15% -57 + 1 
NR+N I1 5 5% -58 0 
10% -58 0 
30% -56 +2 
DMTA results for the different fillers at 10 wt % loading are shown in 
Figures 4. 138, 4. 139 and 4.140 for the storage modulus, the loss modulus and 
tan 0, respectively. 
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Figure 4.138: Storage modulus/or the NR composites at 10 wt % loading 
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Figure 4_139 : Loss modulus/or the NR composites at la wt % loading 
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Blending of the C20A and C ISA clays with NR results in a significant 
increase in storage modulus and loss modulus above the glass transition 
temperature, whereas incorporation of C3 0B and N liS resu lts in only a small 
increase. There is not much difference in storage and loss modulus va lues 
amongst all fi llers in the temperature range of -80 to -SO°C. There is significant 
increase in tan 1) due to an increase in loss modulus for the C20A- and C ISA clay-
NR composites from 20' C to 80' C on ly. This could result from the mod ifier 
(dimethyl dehydrogenated ta llow quaternary ammonium) acting as a plasticizer. 
2. Styrene-butadiene rubber (SBR) 
Figures 4.141, 4.142, 4.143,4.144 and 4.145 show the DMTA results for 
the BR composites prepared with Na, C30B, C20A and C 15A clays, and N I 15 
carbon black, respectively. 
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Figure 4.145 : DMTA results/or the SBR-N J 15 carbon black composites 
The storage and loss moduli increase as loading increases over the entire 
temperature range. The effect is greatest above the glass transition temperature of 
the matrix. This is due to the large difference in modulus between the polymer and 
filler as the polymer changes from the glassy to the rubbery state. The polymer 
modulus changes while the filler remains rigid throughout the entire temperature 
range. 
Table 4.19 shows the glass transition temperatures for the SBR 
composites. There is no sign ificant difference in Tg for all of the SBR composites. 
Table 4.19 : Glass transition temperature ofSBR composites 
G lass transition temperature, T. (OC) t.T 
SBR -43 0 
SBR+Na clay 5% -43 0 
30% -42 +1 
SBR+C30B clay 5% -44 -I 
30% -45 -2 
SBR+C20A clay 5% -44 -I 
30% -43 0 
SBR+C 15A clay 5% -43 0 
30% -43 0 
SBR+NI15 5% -43 0 
30% -42 + 1 
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Figures 4.146, 4.147 and 4. 148 compare the storage modulus, loss 
modulus and tan 15 of the SBR composites with different fillers at 30 wt % 
loading, respectively. 
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Figure 4.146 : Storage modulus for the SBR composites at 30 wt % loading 
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Figure 4.147 : Loss modulus for the SBR composites at 30 wt % loading 
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Figure 4_148 : Tan 8 values for the SBR composites at 30 wt % loading 
The dynamic storage moduli va lues for the SBR-C20A and SBR-CI5A 
clay composites are higher than those of the Na and C30B clay systems, and 
higher than the N I15 carbon black system. Below Tg, the deformations are 
primarily elastic with any molecular slip, resulting in viscous flow, low. 
Interestingly, above 40°C, the loss moduli of the C20A c1ay- and C 15A clay-SBR 
composites show a sharp decrease. This relaxat ion could correspond to the onset 
of micro-Brownian motion of the modifier in the composites. This can not be the 
break down of filler aggregate because this DMTA experiment runs at very low 
strain . To study this relaxation furthe r, modulated temperature differential 
scanning calorimetry (MT-DSC) experiment were performed. The results are 
shown in Figure 4.149 and 4.150, respective ly, for these SBR-C20A clay and 
SBR-C 15A clay composites at the 30 wt % loading. 
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The peak in the heat flow signal occurs at about the same temperature, 
40 °C, as the relaxation temperature from the DMT A results. The peak is larger in 
the C ISA clay system than in the C20A clay system. 
Di(hydrogenated tallow alkyl)dimethyl ammonIUm chloride from Alao 
Nobel (Arquad 2HT-7SPG) has a very similar structure to the modifier in the 
C20A and C ISA clay. It has melting point at 32 °C 279 However, as the non-
reversible heat flow contains nearly all of these events, it can not be related to the 
classical glass transition of the intercalated polymer. It could be related to liquid-
like layers of modifier on the clay surfaces. As C ISA contains more modifier, the 
signal is larger. Further investigations by, for example, NMR re laxation time 
studies could be useful to analyze further this event. 
3. Acrylonitrile-butadicne rubber (NBR) 
NBR composites prepared from Na, C30B, C20A and C ISA clays and the 
N 115 carbon black are shown in Figures 4.151 , 4. 152, 4.153, 4.154 and 4.155, 
respectively. 
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g increases for all The storage and loss modulus increase as the filler load in 
fillers over the entire temperature range. The increase of loss m 
fo llowing order:C30B>C20A>C 15A>Na>N 11 5. The glass transi 
of the NBR composites are shown in Table 4.20. An increase i 
could be caused by constra int on molecular mobi li ty of the poly 
they interact with silicate layers. This would lead to increase in 
odulus is in the 
tion temperatures 
n glass transition 
mer chains, when 
Tg. However, it 
seems from Table 4.20 tbat Tg increases marginally. 
Table 4.20 : G lass transition temperature ofNBR composites 
Glass transition tern L'>T 
NBR -2 1 0 
NBR+Na 5% -21 0 
30% - 19 +2 
NBR+C30B 5% -2 1 0 
30% -1 9 +2 
NBR+C20A 5% -21 0 
30% -1 8 +3 
NBR+C I5A 5% -21 0 
30% -20 + 1 
NBR+NI15 5% -20 + 1 
30% - 19 +2 
Figures 4.156, 4.157 and 4.158 present the storag 
modulus, and tan 15 data for the NBR composites at 30 wt % load 
e modulus, 
lng. 
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For all NBR composites, the organoclays provide higher storage and loss 
modulus than did Na clay and N I 15 carbon black over the entire temperature 
range. The storage modu li of NR and SBR with C20A and C I SA clay systems 
generally are higher than the C30B clay system. However, for the N BR-C30B 
clay system, the storage modulus is as high as it is for the C20A clay system. Th is 
cou ld come !Tom the strong polar interactions between the NBR chains and the 
C30B clay. 
Figures 4. I 59 and 4. I 60 show the MT-DSC resu lts for the NBR-C20A and 
NBR-C I SA clay systems at 30 wt % loading. 
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Figure 4.159 : MT-DSC results/or the NBR-C20A clay composite at 
30 wt % loading 
At about 40°C, there is possibly a very small peak in the non-reversing 
heat fl ow. This peak is vastly lower than the peak seen at about this temperature in 
the SBR·C20A clay system at the same loading. This could be the resu lt of strong 
interactions that restrict movements of the C20A clay modifier. 
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CISA clay, which has a higher concentration of modifier than the C20A 
clay, clearly shows a non-reversing heat flow peak at about this temperature 
(40°C). However, this peak is smaller than that shown by the SBR-CJSA clay 
composite at the same load ing and temperature. 
In conclusion, the dynamic mechanical characteristics of NR, SBR and 
NBR composites can be explained as follows. 
I. At low clay loadings, the elastic modulus is comparable for a ll fi llers. 
2. At high clay loadings, the rubber-clay composites show much higher 
elastic moduli than the rubber-carbon black (N 11 5) system. Since carbon black 
has much stronger filler-rubber interactions than clay, the high elastic modulus of 
the clay systems can be interpreted as a result of the strong inter-aggregate 
interactions. 
3. Comparing the different clays, C20A and C ISA clays have the stronger 
interactions with rubber than do the Na and C30B clays. Thus, the storage 
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modulus is higher for non-polar rubber. However, for polar rubbers such as NBR, 
the hydroxyl groups from C30B modifier can have polar interactions and increase 
modulus. 
4. The tan I) values of rubber composites decreased because of the strong 
interfacial interaction between the rubber and filler. A pronounced tan I) peak 
indicates high mobility of the rubber chain as a result of weak filler-rubber 
interactions. 
5. The modifier of C20A and C15A clay may migrate onto clay surface at 
temperatures above 40°C. This will then acts as a plasticizer and reduce the 
modulus. 
189 
5. SUMMARY AND CONCLUSIONS 
5.1 Summary 
Montmorillonite clay exhibits a cation exchange process in which the Na 
ions in the interlayers were replaced by, for example, long chain alkyl ammonium 
cations. This modification will make clay more hydrophobic by covering the clay 
surface with long chain hydrocarbons and will also increase the interlayer gallery 
distance which can be confirmed by x-ray diffraction. The four commercial 
modified clays used in this research had different modifiers. Na clay is a natural 
clay with sodium cations in the interlayers. C30B is a modified clay in which the 
modifier is methyl, tallow, bis-2-hydroxyethyl quaternary anunonium. C20A and 
Cl5A clays are also modified by organic molecules. The modifier of C20A and 
Cl5A clays is dimethyl, dehydrogenated tallow quaternary ammonium, but they 
have different concentrations. Cl5A clay has the largest interlayer spacing 
because it has the highest concentration of modifier. The modifier content can be 
measured by. TGA. The organic contents increased in the following order: 
. 
C15A>C20A>C30B>Na clays. Meanwhile, Na clay, or natural unmodified clay, 
had the highest amount of water, was clearly the most hydrophilic. 
Rubber-clay nanocomposites can be prepared by the melt intercalation 
process using conventional mixing methods. Three common rubbers were used: 
natural rubber (NR); styrene butadiene rubber (SBR); and acrylonitrile butadiene 
rubber (NBR). In all cases, x-ray diffraction indicated that the interlayer distance 
increased which meant that the intercalation of rubber molecules occurred. The 
intensities of the x-ray diffraction at the same angle were compared to study the 
effects of polarity of rubber, type of clay and the loading of clay. NBR had the 
lowest intensity following by SBR and NR, respectively for the same clay loading. 
If it is presumed that the rubber nanocomposites showed both intercalation and 
exfoliation, and the exfoliation was not detected by x-ray diffraction, this 
observation might mean that NBR showed the highest extent of exfoliation 
following by SBR and NBR, respectively. TEM images confirmed that the rubber 
nanocomposites had developed both intercalation and exfoliation. TEM of NBR 
nanocomposites indicated better dispersion than SBR nanocomposites. 
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The clay interlayer spacing can decrease by interaction of organic modifier 
with others chemicals. For example, C30B clay modifier may react with curing 
agent and move out from the clay interlayers. 
Interestingly, the interlayer spacings of rubber nanocomposites were 
almost constant regardless of rubber types and the clay loadings, but vary with 
clay types. This meant that the factor that controlled the increase of interlayer 
spacing was the modifier type which seems to limit amount of rubber in the 
galleries. 
Even though intercalation occurred in all the rubber-clay composites, they 
are not pure nanocomposites. SEM studies indicated that some large clay 
aggregates exist. The aggregation increased as the clay loading increased. C20A 
and C15A clays were more compatible with three rubbers than Na and C30B 
clays, thus they had a lower degree of aggregation. 
These clays had effects on the curing characteristics of the rubbers. 
Modified clay reduced the curing time significantly for NR at all clay loadings. 
This could be the result of ammonium cations from clay modifier accelerating the 
vulcanization process. However, curing time of the SBR-organoclay composites 
decreased at low clay loading only and then increased when loading increased. 
The curing time of NBR-organoclay composites also increased as the loading 
increased. Even though clay modifier can accelerate the vulcanization process, 
with an increase in the clay loading, the hydroxyl group content of the clay 
increased, so they may react and then reduce the amount of accelerators. SBR and 
NBR needed a larger amount of accelerator than NR for the vulcanization process. 
Thus, the curing time of SBR and NBR systems increased. 
The ratios of minimum and maximum torque with unfilled rubber were 
measured. The ratios of minimum torque of C30B-rubber composites are high due 
to interactions between clay particles. The modifier content of C 15A clay is 
higher than C20A clay. It can perhaps act as plasticizer. Thus, the CI5A-rubber 
nanocomposites had a lower torque value than the C20A rubber-clay composites. 
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The plasticizer effect also decreased the ratios of maximum torque. Another effect 
was the interaction between rubber and clays. A polar rubber such as NBR had 
stronger interaction with C30B and can decrease the interaction between C30B 
itself, thus reduction in relative maximum torque occurred. 
Crosslink densities measured by swelling method for the NR-clay 
composites indicated an increase at low clay loading and a decrease when the 
loading increased. Meanwhile, all crosslink densities of SBR and NBR composites 
decreased as clay loading increased. This could be due to the clay adsorbing 
accelerator and thus reducing the amount available for vulcanization. Meanwhile, 
the crosslink density of rubber-carbon black composites was almost constant with 
all carbon black contents. 
The changing of properties of NR composites was not prominent 
compared to SBR and NBR composites due to its already good mechanical 
properties arising from strain-induced crystallization. Tensile strengths of rubber-
clay nanocomposites were comparable to rubber-carbon black composites at low 
loadings, but lower at high loadings. The inter-aggregation between clay also 
played an important role. Clay has a higher filler-filler interaction, but a lower 
rubber-filler interaction than carbon black. An increase of interaction between 
clay and rubber in the case of NBR-clay nanocomposites can reduce these 
property gaps. However, the tear strength of rubber-clay nanocomposites was 
higher than carbon black systems. This was due to the plate-like and high aspect 
ratio characteristics of clay that can resist the propagation of a crack by a slip 
process on the surface. The fatigue life of rubber-clay nanocomposites also 
improved compared to carbon black. This may due to the lower crosslink density. 
Another reason is because clay can rearrange to the direction of the applied force 
under repeated cyclic loading. Fatigue failure starts from a small crack 
perpendicular to the applied force. So, clay can stop the crack or the crack needs a 
longer path before it passes through the sample. A plasticizer effect by the 
modifier also made rubbers more plastic-like and increased the test sample length 
permanently. This too will reduce the force applied to the samples and increase 
fatigue life. 
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In dynamic mechanical thermal analysis experiments, the storage moduli 
of rubber-clay composites were higher than carbon black-composites, though 
carbon black has higher rubber-filler interaction and a higher crosslink density. 
This result confirmed that clay had a higher filler-filler interaction than carbon 
black. The small test amplitude can not destroy these networks. NR and SBR with 
the C20A and Cl5A clay nanocomposites had higher moduli compared with 
C30B and Na clay composites due to the better interaction between these non-
polar rubbers and the clays. For NBR, C30B-NBR composites had a comparable 
modulus to C20- and CI5A-NBR nanocomposites. This was probably due to the 
polar interactions between the quite polar NBR and hydroxyl groups of the C30B 
modifier. The moduli of C20A and C 15A -rubber nanocomposits decreased above 
temperature about 40°C. This could due to the melting of the modifier. The results 
were confirmed by MT-DSC. 
The number of intercalated rubber molecules can be calculated and it was 
found that only a small amount of rubber was trapped inside the galleries. This 
could mean that the factor that controlled the properties could come from other 
effects such as hydrodynamic effect, and rubber-clay interactions rather than from 
the intercalated molecules. Some polymers such as poly(amides) had very 
impressive property improvements, which may be the result of high compatibility 
between polymer and the clay 192. 
5.2 Conclusions 
1. Modified clays can be used as reinforcing fillers for rubbers, especially 
at low loading. It is a non black filler with leads to good mechanical properties 
and is more environmental friendly than carbon black. 
2. The polarity of rubber had a clear effect on the dispersion and the 
mechanical properties of compounds. 
3. The higher concentration of modifiers was not always good. The initial 
higher interlayer spacing can have fewer intercalated polymer molecules. The 
plasticizer effects of the modifier also had strong effects on the properties. 
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4. The rubber-filler interactions predominantly controlled the mechanical 
properties. Clay particles with active modifiers can interact not only with rubber 
molecules, but also with each other and lead to decrease in properties. 
5. A decrease in mechanical properties could also be result of a decrease 
in crosslink density. At high clay loadings, crosslink density decreased 
significantly which will decrease mechanical properties. 
6. The rubber-clay nanocomposites in these experiments are thought to 
contain aggregates plus intercalation and exfoliation structures. The attempt to 
exfoliate fully clay particles in rubbers remains a challenge. 
6. PROPOSALS FOR FUTURE WORK 
1. Silica is a non-black reinforcing filler and could be tested to compare its 
properties with the organoclays. The other grades of carbon black can also be 
studied. 
2. Other properties such as barrier properties, flame retardancy and 
abrasion resistance should be tested. 
3. There is a need to study such systems with an optimised 
accelerator/sulphur content. 
4. The polarity effect could be studied further with, for example, a range of 
NBR, in which the content of acrylonitrile varies. 
5. Modification of the base clay with different ion exchange agents may 
also lead to improvement of some properties. For example, using long-chain 
phosphonium cations may improve flame retardancy and thermal properties. 
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